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1 Asthma

Asthma patients can roughly be divided into two groups. In most cases, asthma is
associated with atopy, particularly in children. Atopic asthma, also called extrinsic or
allergic asthma, refers to the genetic predisposition of individuals to synthesize
immunoglobulin E (igE) specific for certain allergens. The second group, the non-atopic
asthmatics, are referred to as 'intrinsic’ and this form of asthma is thought to be important in
most cases of occupational asthma. In intrinsic asthma, an IgE-mediated mechanism does
not play a role.

Asthma is a disease characterized by reversible obstruction of the airways or bronchi.
This is often accompaiied by nonspecific bronchial hyperresponsiveness, which is the
tendency of the hronchi in asthmatics to constrict in response to a wide range of cliemical,
pharmacological or physical sti. auli. A second unportant feature of the histopathology of
asthma is the intense infiltration of the bronchial mucosa with inflammatory cells such as
cosinophils, ncutrophils, macrophages and lymphocytes. The major clinical symptoms of
asthma are the episodic occurrences of coughing, dyspnea, wheezing and chest tightness,
alone or in combination. The symptoms may vary from mi'd anc almost undetectable to
severe and even life threatening. Asthma affects 5-10% of the population. A recent study in
The Netherlands revealed that among children as much as 20% were affected. The
symptoms that have been found in asthmatics are characterized by early and/or late
asthmatic reactions, The [gE-mediated early asthmatic reaction which is maximal at 15-30
minutes after provocation and resolves within 1-2 hr is induced by allergen inhalation. This
rcaciion is due to the release by mast cells of bronchoactive substances such as histamine
and leukotrienes. The late asthmatic reaction which begins at 3-4 hr, is maximal at 6-12 hr
and generally resolves itself within 24 hr, is correlated with cellular inflammation in the
airways.

As mentioned above, atopic asthma is characterized by an increase in‘allergen-specific
IgE antibodics. The mechanism of atopic asthma ressmbles a classical Type 1
hypersensitivity reaction (definition by Cooms and Gell). This reaction is schematically
depicted in figure 1. In short, upon first contact with the allergen (sensitization), the
allergen is taken up by antigen presenting cells (APC) and presented through major
histocompatibility complex (MHC) class II molecules to T lymphocytes. These T
lymphocyies produce cytokines which are required for B cell proliferation and
differentiation which in turn lead to the production of allergen specific IgE antibodies. The

IgE antibodies bind, via the FceRI receptor, to mast cells, thus sensitizing them. Further
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Mast cells in asthma

Mast cells are not found in the circulation, they are resident in body tissues. Two types of
mast cells, mucosal and connective tissue mast cells, have been identified through their
different staining properties and biochemical characteristics (313). In humans, the
connective tissue mast cell is found in serosal tissue and in skin, while the mucosal type
predomunates in tne lung and in the mucosa of the gut. They are often localized in close
contact to blood vessels, nerves, epithelial cells and fibroblasts, which are all potential
targets for mast cell derived mediators. Mast cells contain granules in vhich the preformed
mediators are stored, including biogenic amines (histamine, serotonin), proteoglycans
(heparin), ncutral proteases and acid hydrolases (290). In addition, mast cell mediators can
be generated upon ceil activation, Some of the de novo formed mediators are jeukotrienes,
prostaglandins D, platelet-activating factor, tumor nccrosis factor—o  (TNF-a),
transforming growth tactor-f (TGF-), chemokines, interleukin-3 (IL-3), IL-4 and IL-5.
During allergic reactions mast cells are activated by cross 'mnking of IgE molecules & und
to the FceRI receptor. Other important immunological triggers of mast cell secretion
include TL-1, IL-3, granulocyte-macrophage colony-stimu lating facior (GM-CSF) and a
family of histamine-releasing factors (313). Additionally, numerous nonimmuriological
stimuli are also important in the activation of human mast cells, such as complement
fragments C3a, Cda and CSa, various neuropeptides neurotransmitters (adenosine
triphosphate) and various drugs such as opiates (313).

An important role for mast cells in allergic asthma has already been established. Mast
cells and mast cell products in the bronchoalveolar lavage (BAL) fluid have been shown to
be important in the early phase responses in allergic asthma (270, 316). Moreover,
bronchial biopsy studies in patients with allergic asthma revealed increased numbers of
mast cells, which diminished following allergen provocation due to the loss of their
metachromatic granules (157, 237). From these studies it is evident that mast cells play a
role in the imimediate allergic reaction. in addition, recent data have suggested an important
role for mast cells in the development of late asthmatic reactions. It has been demonstrated
that bronchial hyperreactivity was correlated with mast cell mediators in the BAL fluid in
allergic patients (54, 55). Morcover, it appeared that mast cells are capable of releasing
proinflamratory cytokines, such as IL-4 and TNF-o (36, 225). These and other
proinflammatory cytokines arc capable of attracting inflammatory cells such as
eosinophils, neutrophils and T lymphocytes into the tissue (103).
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also capable of releasing cytokines. It has been demonstrated thot mast cells are involved in
the development of allergic inflammatory responces through the release of 11.-4 and TNF-
o (36, 225). Additionally, airway epitheliai cells, fibroblasts (68, 99). alveolar
macrophages (109, 113) and eosinophils (41) have been described to release cytokines
during asthmatic events.

Eosinophils arid neutrophils in asthma

The influx of inflammatory cells in the airways is associated with the late asthmatic
reaction. Eosinophils werce found in high concentration in sputum, BAL fluid and ussue
biopsy specimens in human asthmatics (26). Morcover, eosinophil numbers were further
enhanced after local allergen provocation (148, 179). It is generally accepted thai the
eosinophii is a miajor player in allergic asthima. However, the contribution of the other
inflammatory granulocyte cell type, the neuurophil, should not be overlocked. Its role in
allergic asthma however, is still poorly understood (284). The neutrophil has a tremendous
potential to generate inflammation by its release of lysosomal enzymes, oxygen
metabolites, leukotriene By and the generation of histamine-releasing factor (317). Indeed,
after allergen provocation, neutrophiis have been detected in increased numbers in the
BAL fluid during the late phase bronchial response (71, 202). Fabbri and coworkers
compared leukocyte counts in sputum, bronchial biopsies and BAL fluid and found that in
bronchial asthma the percentages of neutrophils were significantly higher in sputum than in
BAL (170). This observation could explain the lack of research on the role of the
neutrophil in asthma since BAL and biopsy studies are more customarily used than sputum
analysis. Interestingly, Anticevich and coworkers recently demonstrated that neutrophils
were capable or inducing iz vitro airway hyperresponsiveness in sensitized human isolated
bronchial tissue (6). Furthermore, it has been demonstrate that the late asthmatic reaction
in guinea pigs was dependent on the presence of neutrophils (214).

The inflammatory response in the late phase reaction of allergic asthma is thought to be
relevant for the development of airway hyperresponsiveness. Airway hyperresponsiveness
is an exaggerated constrictor response to various stimu.i, and is considered a key feature of
asthma which correlates with the severity of disease, frequency of symptoms, and need of
treatment (260). The relationship between airway hyperresponsivencss and  airway
inflarnmation in asthma has been studied extensively but remains unclear. Several kuman
studies suggested a binding association between the two phenomena (1, 26, 153).
However, it has also become clear that bronchial hyperresponsiveness is not dependent on

a way inflammation and vice versa (243, 260). The nondependency of these two
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studies (mostly in animal models) have also demonstrated the ability of sensory
neuropeptides to mediate inflammatory responses and bronchial hyperresponsiveness. For
exampie, in vitro studies of vascular endothelial cells demonstated that SP induced
intercellular adhesion molecule-1 (ICAM-1) expression which in turn enhanced neutrophil
migration (216). This proinflammatory effect of SP was also established using bronchial
epithelial cells. SP stimulation of nzutrophils induced a dose-dependent adherence of
neutrophils to bronchial epithelial cells (70). Additionally, in human dermis SP induced a
rapid influx of neutrophiis and eosinophils which was associated with an upregulation of
adhesion molecules (283).

In the airways, administration of SP or NKA by inhalation or intravenous administration
has been reported to cause a bronchoconstriction (reviewed in 130). In these studies, NKA
was found to be a more potent bronchoconstrictor than SP, and asthmatics were found to
be hyperresponsive to SP and NKA. In addition, in conscious guinca pigs inhalation of SP
or NKA elicited respiratory effects, which could be innibited by specific NK; and NK;
receptor antagonists (152). In contrast to most mammalian species, in the mouse
stimulation of the NK, receptor by SP and NK A :n bronchial smooth muscle preparations
results in a bronchodilation (174). Moreover, no NK; or NK; recepwer activity has been
detected in this species (174).

A valuable tool in neuropeptide research has been the neurotoxin capsaicin. Capsaicin
induces an initial excitation resulting in massive release of mediators from unmyelinated
sensory C-fibres (171). Inhalation of capsaicin resulted in a direct influx of eosinophils.
neutrophils and mononuclear cells in the uww . 1 nasal lavage fluid (240). Repeated
systemic application of capsaicin in animal models leads to the depletion of all sensory
neuropeptides (126). This procedure can be used to examine the role of sensory
neuropeptides in various disease models. Systemic capsaicin pretreatment inhibited the
development of bronchial hyperresponsiveness in several guinea pig models for allergic
asthma (134, 149, 155, 230). In addition, it was described recently that capsaicm was a
potent inhibitor of nuclear transcription factor-xB, which is a transcription factor important
in the regulation of various pathological conditions including inflammatory 1eactions
(280).

Animal models for atopic asthma
Several animal models have been utiiized to investigate the pathogenesis of allergic
asthma. The ovalbumin sensitized and challenged guinea pig is a frequently describea
model for bronchial hyperresponsiveness and ecosinophilic infiltration (156, 192, 246).
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Ovalbumuis inhalation caused an early and a late asthmatic reaction in conscious,
unrestrained guinea pigs (271). The association of the eosinophil with the development of
bronchial hyperresponsiveness (195, 246) and the late asthmatic reaction (257) has been
determined. Furthermore, vvalbumin sensitization has been used in the mouse to induce
allergic responses. Several groups including our own found that sensitizatior with
ovalbumin (either by inhalation, topical application or intraperitonea! injection), followed
by an acrasolized inhalation challenge iesulted in the production of ovalbumin-specific IgE
antibodies, bronchial hyperresponsiveness and cosinophilic infiliration in the airways (116,
255, 269). The role of Th2 cytokines in the development of these responses has been under
extensive investigation. Coyle and coworkers demonstrated that ovalbumin immunization
and allergen provocation led to lung T cells switching to a Th2 phen~ype (65). Moreover,
studies performed with neutralizing antibodies to L.-4 and IL-5 suggested a sequential
involvement of thes. Th2 cytokines in the recraitmen: of eosinophils to the lung. IL-4 was
secreted during immunization, switching naive CD4" T cells to a Th2 phenotype, which
upon aerosol challenge were activated to secrete 1L-5 leading to eosinophil accumulation
(65). In another study Coyle and coworkers were able to inhibit the incraases in IL-4 and
IL-5 and the subsequent lung eosinophilia with an non-anaphylactogenic anti-IgE antibody
adminjstered 6 hr before antigen challenge (67). These results ind*~.ated that Th2 cytokine
production and eosinophil infiltration in the mouse airways .. [gE-dependent and
suggested that neutralization of IgE antibodies might be a novel therapeutic approach to the
treatment in allergic airway diseases. The Th2 cytokine dependency of allergic reactions
was further ascertained by investigating the inhikitory activity of Thl cytokines. In
ovalbumin sensitized mice administration by acrosol of IFN—y, a Thl cytokine, 3 days
prior to ovalbumin challenge inhibited the development of airway hyperreactivity (154).
Furthermore, aerosolized recombinant [FN—y prevented the ovalbumin-induced eosinophil
recruitment into the airway by inhibiting CD4* T cell infiitration (217). Additionzlly, mice
lacking the IFN-y receptor (IFN-yR deficient mice) prov2d to be a suitable tool to
investigate Th2 respoi ses in the airway. It was found that in wi'd-type mice ovalbumin-
induced eosinophilia it the airways was cleared 2 months after the challenge which was
still present in IFN—yR dcficient mice (66). These results suggested thai endogenous IFN—y
had no effect on the development of lung eosinophilia, but was able to modulate the Th2

response (66).
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2 Delayed-type hypersensitivity reactions

The second group of asthmatics comprise the non-atopic, intrinsic asthmatics. In these
patients no increase in allergen-specific or total IgE has been found. It has been
hypothesized that in some of the infrinsic asthmatics this IgE-independent mechanism
reserables a Type IV hypersensitivity or delayed-type hypersensitivity (DTH) reaction,
Type IV hypersensitivity is used as a general category to describe all those hypersensitivity
reactions which take more than 12 hr to develop and which involve cell-mediated immune
reactions rather than humoral responses. In general, three types of DTH reactions are
recognized. The classical DTH was first described by Koch who observed that
subcutancous injection with tuberculin resulted in the development of fever and
generalized sickness associated with hardening and swelling of the skin at the site of
reaction. The tuberculin hypersensitivity reaction starts with T cells (CD4":CD8", ratio 2:1)
migrating out of the capillaries at 12 hr, followed by migration of macrophages and
Langerhans' cells ont of the epidermis at 48 hr. The cellular traffic continues over the next
24 hr, and class I molecules appear on keratinocytes; there is no oedema of the epidermis.
Subsequently, tubercuvlin lesions may develop into the second type of DTH reaction, the
granulomatous hypersensitivity. Granulomatous hypersensitivity is clinically the most

important form of DTH giving rise to hardening of the skin or lung. Gronnloma formation

occurs where there is continuous stimulation due to persistent or recurrent infection, or
where macrophages cannot destroy an antigen. The reaction time is maximal at 21-28 days.
The third subtype of DTH is contact hypersensitivity. This subtype is similar (o the
tuberculin subtype in that it peaks | to 2 days after local antipen challenge (local second
contact). In contrast, contact hypersensitivity is predominantly an epidermal reaction
caused by contact allergens, such as nickel chromate and poison ivy. Contact
hypersensitivity 1s characterized climically by an eczematous reaction at the site of contact

with the allergen. The cellular cascade of this subtype is discussed in more detail below.

Cellular reactions in contact hypersensitivity reactions
Although the basis of all sebtypes of DTH reactions is the same this paragraph
concentrates on the cellular reactions that occur in contact hypersensitivity (CHS)
reacions. The reactions, schematically depicted in figure 2, are ascertained in murine
studies. CHS is elicited by haptens, which are molecules that are too small to be antigenic
themselves. These haptens penetrate the epidermis where they bind, mostly covalently, to
normal body proteins. Two separate phases in CHS can be identified in which two
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different types of lyraphocytes are involved. During the first sensitization (or elicitation)
phase specific DTH-initiating lymphocytes are generated within 1 to 2 days after the first
contact with the hapter.. These DTH-initiating lymphocytes are antigen-specific lymphoid
precursor cells that arise before final differentiation along the pathway leading to mature T
or B cells (115). They are stimulated to produce hapten-specific lymphocyte factors which
circulate the body and infiltrate tissues, such as skin, lung and intestine. Subsequently,
these lymphocyte factors

bind to mast cells and possibly other cells (150 . Indeed, Redegeld and coworkers recently
demonstrated in vitro that the lymphocyte factor specific for picryl chloride, a low
molecular weight sensitizing agent, was able to bind to mast cells and to a lesser extent to
macrophages, fibroblasts and sheep red blood cells (252). Moreover, macrophages were
activated by the picryl chloride-specific lymphocyte factor to produce nitric oxide (NO),
which may be in line with the suggestion that NO could have a role in the elicitation of
CHS (253). Upon second contact with the hapten (challenge or effector phase) the hapten
binds to the lymphocyte factor bound to the mast cell. Through this association the mast
cell is triggered to release its mediators (198). One of these mediators, serotonin, gives rise
to an increased microvascular permeability and an increased expression of adhesion
molecules (295). These events lead to the infiltration of DTH effector T cells which were
generated during the sensitization phase (11). DTH effector T cells can recognize the
antigen in the context of MHC class 1T on the APC which is followed by the production of
cytokines. These cytokines aitract other leukocytes to the site of antigen exposure resulting
in a DTH response (11).

In summary, DTH reactions seem to consist of a sequential cascade of steps that include
at least two different types of lymphocytes and also mast cells, endothelial celis, antigen
presenting cells and bone-m.;row derived circulating leukacytes (figure 2). Two
components can be recognized: an early 2 hr response and a later 24 hr response after
challenge, which arc mediated by DTH-initiating lymphocytes and DTH effector T cells
respectively.

T lymphocytes and cytokines in DTH
It is generally accepted that the T lymphocytes involved in DTH reaction belong to the
CD4" Thl subset. /n vitro and in vivo antibody depletion studies have indicated the need
for immune CD4" T cells for elicitation of CHS in the skin (101, 204). Furthermore, the
generation of specific CD4" T cell clones from the cutaneous lesions of patients with

allergic contact dermatitis to nickel and cobalt has supported the role of CD4™ T cells in
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CHS (161, 281). More recently, it has been demonstrated that in mutant mice lacking cell
surface expression of the CD4 molecule (CD47) the CHS to the low molecular weight
hapten dinitrofluorobenzene (DNFB) was significantly decreased 24 hr after the challenge.
Moreover, the early skin swelling response 1-3 hr after the challenge was completely
abolished in CD4 mice (146). Additionally, other models, such as oxazolone-induced CHS
in the murine oral epithelium (78) and picryl chloride-induced DTH in murine liver (321),
have suggested an important role for CD4" T cells in the induction of cell-mediated
immunity.

Investigations of cytokine expression and production indicated that these CD4™ T cells
belonged to the Thl subset. In biopsies from patients with allergic contact dermatitis
increased expression of [IFN—y mRNA was detected (122). n contrast, in biopsies from
patients with atopic dermatitis increased expression of tL-10 (a Th2 cytokine) has been
observed (227). Th2 cytokines, such as IL-4 and 11.-10, have been demonstrated to inhibit
DTH reactions. For example, IL-10 inhibited the elicitation phase of DNFB-induced CHS
(147, 277) and additionally the Thl-induced granulomatcus hypersensitivity reaction in
mice (159). Morcover, mice lymph node cells (CD4" and CD8") isolated 1 day after
immunization with picryl chlonide produced IFN—y after stimulation with 1L.-2 which could
be blocked by coculture with IL-4 (72). To further support an inhibitory role for Th2 type
cytokines, IL-4 has been shown to inhibit the dinitrochlorobenzene (DNCB)-induced CHS
reaction when administered at the time of challenge (effector phase) whereas treatment
with anti-IL-4 antibodies markedly increased the magnitude of CHS (100). Additionally,
anti-IL-<} antibody enhanced the expression of IFN-y mRNA and subsequently the
development of DTH responses whereas anti-IFN—y antibodies partial inhibited the DTH
responses in immunized mice given pertussis toxin (211),

Although the above data suggest that DTH-type reactions are Thl dependent, other
studies have suggested that this conclusion is not correct (212). For example, in skin biopsy
specimens from atopic dermatitis patients (Type I hypersensitivity) and patients with a
positive Mantoux test (tuberculin-induced DTH) an increased expression of Thl cytokine
mRNA and Th2 cywokine mRNA was detected, respectively (300). Furthermore, it has also
been suggested that Th2 cytokines, especially IL-4, are important for the induction of CHS
reactions. Two independent groups demonstrated the production of IL-4 mRNA in
draining lymph nodes 3-4 days after sensitization (119, 205), indicating that IL-4 could be
involved in CHS reactions. Involvement of both IFN—y and IL-4 in the generation of
oxazolone-specific T cell responses in mice has also been demonstrated (298). In human

studies, nickel-induced contact dermatitis was associated with an increase 1 1L-5, another
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Th2 cytokine, and variable amount of IFN—y and 11 -4 suggesting a Th2 or ThO response
(247). Furthermore, using monoclonal antibodies to 1L-4, Salerna and coworkers showed
an esscntial role for [L-4 in the effector phase of trinitrochlorobenzene (TNCB)-induced
CHS (268).

In addition to the controversy over whether DTH reactions are Thl or Th2 reactions,
current studies have raised considerable doubt about the exclusive role of CD4" Thl cells
in the induction of DTH responses. A wealth of evidence has been gathered 10 support a
significaat role for CDR* T cells in the cellular cascade of DTH reactions. /n vivo depletion
of CD8" T cells prior to sensitization with DNFB and oxazolone resulted in the complete
inhibition of a DTH response (107). Surprisingly, depletion of CD4" cells resulted in a
strikingly enhanced ear swelling response. Expression of the chemokine IFN-y inducible
protein (IP-10) mRNA was increased during CHS responses (induced by DNFB and
oxazolone) and as primarily mediated by CD&" T cells (2). To try and understand a role
for CD8" T cells it is important to understand that there are functionally distinct subsets of
CD3" T cells that produce different combinations of cytokines. Cells of the type 1 CD8" T
cell subset (Tcl) secrete TFN—y but rot [L-4 and are restricted by MHC class T; type 2
CD8* T cells (Tc2) secrete IFN—y, IL-4 and IL-10 but not [L-6 and are restricted to MHC
class 1 (142). Based on these data it was postulated that cytotoxic/suppressor CD8" T cells
can also perform Thl and Th2 like activities (142).

Taken together, thesc results clearly demonstrated that both CD4* and CD8" T cells
could play a role in DTH reactions but that the partial contribution of each needs to be
elucidated. The conflicting data probably depends on the particular type of DTH response,
species used, and experimental setup. It is however likely that, especially in humins, the
balance between CD4'/CD8" and Thi/Th2 or Tcl/Te2 is extremely delicate.

The role of mast cells in DTH

The role of the mast cell in asthma has been investigated extensively. Tt has long been
known that mast cell products (tryptase, histamine) can be identified in the blood, urine,
BAL fluid and/or lung tissuc of patients with asthma (314). An increased number of mast
cells was detected in the airways of both atopic and non-atopic asthmatics (106). However,
the precise contribution of mast cells in the development of asthmatic responses, i.e. airway
hyperresponsiveness and inflammation, has not yet been elucidated.

Askenase and coworkers demonstrated that mast cells are involved in the early phase of
a great percentage of DTH reactions in the skin elicited by picryl chloride, oxazolone,
DNFB and nickel sulfate (125, 307). The picryl chloride-induced accumulation of
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manonuclear cells around bronchioli and blood vessels in the lung was also severely
reduced in mast cell deficient W/W" mice and blocked by two serotonin (5-HT; receptor
antagonists, methysergide and ketanserin (96). It was suggested that serotonin, which is
stored and released from mast cells, activates endothelial cells resulting in an increased
vascular permeability and enhanced expression of adhesion 110lecules allowing passage of
DTH effector cells into the tissue (276). In addition, serotonin is capable of acivating these
DTH effector T cells via their functional 5-HT» reccptor to produce cytokines (4).
Additionally, it was demonstrated in vivo that mast cell degranulation was a key event in
carly evolving cutancous DTH reaction in humans (144),

Mast cell deficient mouse strains (W/W' and S/SF) have baen used to certity a role for
mast cell in several DTH responses. The mast cell deficiency of W/W* and SUSI mice
reflects distinet mutation of different chromosomes. The dominant white-spotting (W)
locus on mouse chromosome 5 encodes the tyrosine kinase growth factor recentor, c-kit,
whercas the steel (S1) locus on chromosome [0 encodes the ligand for ¢-kiz, also known as
stern cell factor, mast cell growth fuctor or &ir ligand (90). In contrast to suppressed DTH
responses, normal and even higher than normal skin responses have also been obtained in
the same two strains of mast cell deficient mice (91, 112, 199, 296). Geba and coworkers
provided evidence that in mast cell deficient mice platelets can act as a source of serotonin
instead of the mast cells because specific depletion of platelets markedly suppressed CHS
responses to picryl chloride or oxazolone i both W/W* and S#/SI* mice (102). Furthermore,
recent studies have demonstrated that repeated application of DNCB 1 the ears of W/W"
and S/SI mice caused significant numbers of dermal mast cells to accumulate in the ears
of W/ mice but not in SISt mice (143).

In addition to classical mediators, mast cell are able to act as a source of cytokines. It
was demonstrated that mast cells in human bronchial biopsies contained IL-4, 1L-5, IL-6
and TNF-o (38, 37, 224) and that isolated human fung mast cells had an increased
expression of mRNA for IL-4 and [L-5 after IgE triggering (228). Furthermore, human
mast cell lines produced another cytokine, [L-8 after nonspecific stinulation (206), and
murine mast cell lines produced IL-3, IL-4, IL-3, IL.-6 and GM-CSF after cross linking of
FceRI receptor or after treatment with calcium ionophores (319). There have been no
studies to date which have investigated the release and acdons of mast cell derived
cytokines in IXTH reactions,
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The ~2le of sensory nerves in DTH reactions
In contrast to allergic reactions, the role of the sensory nerves in DTH reactions is poorly

understood. In two models for DNFB-induced DTH reaction in the mouse lung and small

intestine the sensory neuropeptides were involved in the elicitation of these reactions (47,
48, 151). Depletion of sensory neuropeptides resulted in total suppression of in vitro
tracheal hyperreactivity whercas blockade of the NK receptor resulted in the suppression
of cellular accumulation in the airways and inhibition of vascular permeability in the
airways and the small intestine. A CGRP antagonist (CGRPg37) had no effect on either
responses (48). In contrast, mice depleted of sensory neuropeptides showed enhanced DTH
skin swelling responses to DNFB suggesting that part of the effect of the sensory nerves
was anti-inflammatory (48); which neuropeptides are important in this activity is unknown.
In conclusion, there appears to be a fine balance between the pro- and anti-inflammatory
action of sensory nerves and neuropeptides during DTH responses and the specific
responses may be site dependent.

The two important cell types in the induction of DTH reactions are the mast cells and T
lymphocytes (chapter 2.2 and 2.3). The interaction of both these cell types with sensory
neuropeptides has also been described. It has been shown that SP and NKA have a
predominantly stimulatory activity on T cell prolifcration, migration and activation,
whereas CGRP, VIP and SOM have a predominantly inhibitory activity (221, 311). In
addition, both receptors for SP, the NK receptor (250), and for VIP, the VIP-R, receptor
(129) have been demonstrated on T lymphocytes. With regard to the mast cell, the close
proximity of this cell type with sensory nerves in the skin, lung and intestine is also highly
suggestive of an important interaction during an immune responise. It has been
demonstrated that SP can cause histamine release from human lung and skin mast cells (49,
62, '14) and serotonin release from murine lung and skin mast cells (104, 124).
Interestingly, SP-induced mediator release from the mast cell is thought to be relayed via a
different intracellular biochemical pathway than the pathway induced by anti-Igk
antibodics (62). Moreover, N, receptors have actually been located on mast cells and this
receptor may be used in mast cell release function (131). In addition, other investigators
published the possibility of SP to activate mast cells via a non-receptor mediated pathway
by the direct interaction between cationic residues on the peptide and complementary
charged structures on the mast cell surface (figure 3) (12).

Through their interactions with T lymphocytes and mast cells, sensory neuropeptdes are
also capable of influencing cytokine secretion patterns. It was demonstrated that SP can

increase mRNA for TNF-o and secrcte TNF-o0 in a mouse mast cell line (63)
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however, the expression of IL-3, [L-4, [i.-6 and GM-CSF was not effected by SP. On the
other hand, SOM can mhibit the release of TNF-¢, IL-1b and IL-6 from human monocytes
(235) and VIP can downregulate IL-2-, IL-10- and T.-4 mRNA in T cells (311). These data
demonstrate that sensory neuropeptides can differentially regulate cytokine release during
an immune 1response.

3 Occupational asthma

The definition of occupational asthma has been a point of discussion for many years
between different groups. The one recommended by Bernstein and coworkers (28) is very
plausible: it is a disease characterized by variable aiflow limitation ahd/or nonspecific
bronchial hyperresponsiveness due ta causes and conditions which are attributable 1o a
particular occupational environment and not to stimili enconntered outside the workplace.
Occupational asthma has become the most prevalent occupational lung disease in the
developed countries (reviewed in 59). The incidence of occupational asthma is largely
dependent upon the causative agent. In some industries even more than 50% of the

exposed workers develop occupational asthma; this particulary applies to platinum salts
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and detergent enzymes (110, 302). In general, it is estimated that between 3 to 10% of all

cases of adult asthma are occupational in origin (range from 2% of all cases in the United

Staies to 15% of all adult cases in Japan) (23, 201). However, this estimation could still be

flattering since occupational asthma is difficult to diagnose without the proper

investigations (17, 53). Until now, over 200 causes of occupational asthma are recognized

and more are identified each year (59). They can be divided into two groups: those that are

complete antigens, the high molecular weight agents, and the low molecular weight agents.

In table | some examples of both groups are listed with the respective workeis at risk

(taken from 59).

Table 1. Common agents that cause occupational asthi 1 anc workers who are at risk.

Agent

Workers at risk

High molecular weight agents
Cercals
Animal-derived antigen
Enzymes
Gums
Latex
Seafood

Low molecular weight agents
[socyanates

Wood dusts
Amines
Fluxes
Chloramine-T
Dyes
Persulfate
Formaldehyde
Acrylate
Drugs

Metals

Bakers, millers

Animal handlers

Detergent users, pharmaceutical workers,
Carpet makers, pharmaceutical workers
Health professionals

Seatood processors

Spray patnters, insulation installers.
manufacturers of plastics, rubbers, foam
Forest workers, carpenters, cabinetmakers
Shellac and lacquer handlers, solderers
Electronics workers

Janitors, cleaners

Textile workers

Hairdressers

Hospital staff

Adhesive handlers

Pharmaceutical workers, health professionals
Solderers, refiners
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High molecular weight compounds such as proteins, polysaccharides, glycoproteins and
poeptides can induce an aliergic response hv nroducing specific IgE anubodies (7, 43, 75,
197, 245). Thore s no difference in the padv cenetical mechanism of asttbma due to
occupational high molecular weight olicrgens or other commwen {ibalant allergens
encouittered in the environment such as house dust or pollens i ). F . instance, in the
baking industry it has been demonstrated that inhalation of buckwl.eat flour caused an
early IgE-mediated bronchoconstriction (232). Low levels of flour dust generated an
increased risk of respiratory symptoms and airway hyperresponsiveness (31, 121). In
addition, occupational asthma induced by latex is also character'zed by an IgE-mediated
hypersensitivity reaction (299). Furthermore, immediate, late and dual asthmatic reactions
due to latex products have been reported (43, 304, 305).

Low molecular weight compounds (MW<1kD) are the most common agents causing
occupational asthma (50, 58). In some cases the compound has been shown to act as a
hapten and combines with a protein to form a hapten-protein conjugate. Specific {gE
antibodies to the hapten-protein conjugate have been demonstrated with acid anhydric
such as phthalic anhydride and trimellitic anhydride (22, 309, 315). However, the majeri'y
of low molecular weight compounds induce asthma by unknown mechanisms, hecause
specific JgE antibodies to the offending agents have not been found  found in only a
small percentage of the patients. Some examples are asthma due to wood dusts 5~ s
western red cedar, amines, colophony and other fluxes (table 7). The most frequently u. 1
low molecular weight agents causing occupational asthma are isocyanates.

Interestingly, occupational asthma due to westem red cedar exposure and isocyanate
exposure are similar in several aspects: the clinical history, the prevalence of affected
subjects in the industry, the predominant occurrence of late asthmatic reactions on
inhalation challenge tests, the persistence of asthma despite removal from exposure in a
large proportion of sensitized subjects, and the lack of atopic susi=cts (58). Occupational
asthma due to weslern red cedar is the most common form of occupational asthma in the
Pacific Northwest and affects 4-14% of the exposed population (57). It has been shown to
be caused by plicatic acid, a low moleculay weight compound present uniquely in wood
(57). All subjects with plicatic acid-induced asthma exhibit nonspecific bronchial
hyperresponsiveness and a bronchial inflammation which is characterized by elevated
numbers of cosinophils and T lymphocytes (mostly CD4" although in some cases also an
increase of CD8" T cells was found) (85, 173). Furthermore, specific IgG or IgE antibodies
were detected in only about 20% of the patients, suggesting that other immunologic

mechanisms than Type T hypersensitivity are involved (57, 84). In vitro studies with
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bronchial biopsy specimens, BAL mast cells and peripheral blood base phils from patients
with western red cedar-induced asthma have further strengthened this hypothesis. Chan-
Yeung and coworkers demonstrated that plicatic acid released histamine from bronchial
mast cells of most patients with western red cedar-induced asthma which could not be
attributed to plicatic acid-specific 1gE antibodies (84). In addition, the plicatic acid
sensitivity of human lung fragments was not transferable by serum of patient with western
red cedar-induced asthma (84).

Occupational asthma induced by isocyanates

Isocyanates have a wide application in the industrial and domestic envircnment; the annual
world-wide production is in the range of 3 million tons (20). The isocyanate group (-NCO)
can react with any compound centaining “active” hydrogen aioms. This property makes
diisocyanates extremely useful for the production of polyurethane foam, paint, coating
material and adhesive manufacture. Due to the wide range of applications in many
workplaces isocyanares have become one of the main caases of occupational asthma in the
developed countries (20). The most commonly used diisocyanate is toluene diisocyanate
(TDI, a mixture of 2.4 and 2,6 isomers (80:20)) and it was developed during the second
World War (185). TDI is a liquid at room temperature, almost colourless and very volatile.
Due to its volatility it has been replaced by the less volatile methylene diphenyl
diisocyanate (MDI) for producing rigid polyurcthane [oams (215). Other diisocyanates
such as hexamethylene diisocyanate (HDI, which is more volatile than TDI), naphthylene
diisocyanate (NDT), isophorone diisocyanate (IPDI) and hydrogenated MDI (HMDY) also
have commercial use (figure 4). In spite of the harmful health aspects of diisocyanates,
they are all still widely used in most developed countries, since no other chemicals have
been found with the same chemical properties but less damaging effects on human health.
The current QOccupational Safety and Health Administration (OSHA) standards for
exposure to TDI are 0.15 mg/m® short term exposure limit (STEL) and 0.04 mg/m® time
weighted average (TWA) which were set to protect against respiratory irritation and
asthma (275). In spite of these safety precautions approximately 5 to 10% of workers
exposed to TDI are affected according to several studies (27, 73, 118, 215, 238).

Although TDI-induced asthma is one of the most studied cases of occupational asthma,
little is known about the mechanism underlying this disease. Immunological,
nonimmunological, irritant and combinations of these mechanisms have been proposed for
the development of TDI-induced occupational asthma. The irritant effect of TDI is
probably due to exposures to high concentiation caused by spills which causes urritation of
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Figure 4 Chemical structures of isocyanates.

the eyes, nose, and pharynx in virtually all persons (286). The immunological mechanism
of action of TDI was suggested by a number of clinical features: a) a latent period of
exposure before the onset of respiratory symptoms, b) a nunority of the exposed subjects

developing sensitivity, ¢) once sensitized, workers react to inhalation concentrations at

which control subjects show no respiratory reactions (323).
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Subjects with TDI-induced occupational asthma can be divided info two groups:
subjects with an increase in TDI-specific [gE antibodies in their serum (20% of the
patients) and subjects with no increase in IgE antibodies in their serum (80% of the
patients) (21, 135, 141). Based on these facts it is likely that TDI is capable of inducing
asthma via different mechanisms (51). The IgE-mediated reaction resembles the
mechanism of allergic asthma (paragraph {) whereas for the lgE-independent reaction a
cell mediated DTH-like reaction has been proposed (185, 186, 215). All subjects with TDI-
induced occupaticnal asthma exhibit airway hyperresponsiveness (238, 239) and dual and
late asthmatic reactions occur more frequently than isolated immediate asthmatic reactions
(16). The third important feature of TDI-induced asthma is inflamimation of the airways.
An increase in neutrophils and cosinophils in the BAL fluid of subjects with a late
asthmatic reaction has been reported but not in subjects with an early asthmatic reaction
(80, 230). Bronchial biopsy studies have also demonstrated a cellular infiux in the airways
of subjects with TDI-induced occupational asthma (24, 262, 288). Immunohistochemical
analysis of bronchial biopsy speciimens from subjects with TDI-induced asthma revealed
an increase in CD25" cells (interleukin-2 receptor-bearing cells, presumed "activated” T-
lymphocytes) as well as in total and activated eosinophils (24). Eosinophilic activation has
also been demonstrated by increased levels of eosinophil cationic protein (ECP) in the
serum of subjects with a late asthmatic reaction after exposure to TDI (184). In another
study, it was demonstrated that TDlI-induced asthma was associated with an increased
number of total leukecytes and cosinophils in the airway mucosa (288). Interestingly, in
this study the authors were also able to demonstrate an increasec ~umber of mast cells in
the airway mucosa which was much greater in subjects who developed asthma after short-
term exposure (2.4 + 0.4 years) when compared with subjects who developed asthma after
a much longer duration of exposure (21.6 + 3.( years) (288) This may reflect either a
higher individual predisposition to the development of the disease or an increased response
o TDI. Mast cell activation induced by TDI was further established by Sastre and
coworkers who found an increase in serum neutrophil chemotactic activity (NCA; stored in
mast cells) which is associated with mast cell or basophil activation, after
bronchoprovocation-inhalation challenge with subirritant levels of TDI (272). Furthermore,
proinflammatory cytokines such as TNF—ct and IL-1b were increased in the submucosa ¢
subjects with TDI-induced asthma as determined by immunohistology (169). Interestiagly,
the majority of T cell clones, derived from the bronchial mucosa of two patients with TDI-
induced asthma, were CD8" producing IFN—y and IL-5 in response to nonspecific

stimulation (69). Morcover, the late asthmatic reaction was associated with an increase in
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circulating CD8" T lymphocytes (83, 163). Based on these observations, it was speculated
that an YgE-independent mechanism was involved, because atopic asthma is a CD4* T
lymphocyte mediated reaction (S5, 318). The TDi-induced late asthmatic reaction and the
associatad airvy inflammation could be inhibited by prednisone (34, 81, 177). These data
suggest an impor.ant role for airway inflammation in the induction of airway
hyperresponsiveness (178).

Genetic factors might alsd play a role in the deve'opment of TDI-induced occupational
asthma. It has been shown that human leukocyte antigen (HLLA) complex products or genes .
may represent either a risk or a protective factos in the development of asthma (190). The
first evidence that specific penetic factors might increase or decrease the risk of
development of TDI-induced «"t' ma was described by Bignon and coworkers (29). A
more recent publication demonstrated that the gene HLA-DQB1#0503 has a role in
conferring susceptibility to TDI-induced asthma (15). Inheritance of this genetic marker
might therefore increase the risk of developing isocyanate-induced asthma, however, other
factors, particularly environmental conditions, also play a crucial role.

Prevention of the development of TDI-inducced occupational asthma is very important. It
has been demonstrated that the end of occupational exposure to TDI is not always followed
by a recovery from asthmatic symptoms (35). Cessation of exposure to TDI for 6 to 21
months resulted in reduced basement membrane thickening (264) and reduced number of
subepithelial fibroblast, mast cells ana lymphocytes in the bronchial mucosa (265).
However, nonspecific bronchial hyperresponsiveness remained 30-48 months after the end
of TDI exposure, suggesting permanent chronic damage to mechanisms controlling airway
tone (231). Early diagnosis and carly removal from exposure after the onset of asthma were
demonstrated to be important factors for a favourable outcome of the dicease (181, 242).

Animal models tor TDI-induced occupational asthma
To study the mechanisms of action of TDI, animal models have been developed. Most of
these models have been developed in guinea pigs and although they all used di'ferent
sensitization/exposure regimes virtually all were associated with an increase in 1gE or 1gG
antibodies (139, 138, 183, 213, 292). It has been demonstrated that TDI is capable of
inducing airway changes by inhalation sensitization (61, 196, 251), topical sensitization
(139, 292), intradermal sensitization (183) or intranasal sensitization (220) in the guinea
pig. Moreover, airway changes induced by TDI inhalarion have also been described in rats
and rabbits (42, 188). Most of the described animal models for TDI-induced occupational

asthma were associated with histological changes. In agiec.aent with the TDI-induced
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changes in human airways, an influx of eosinophils, neutrophils, mast ceils and T
lymphocytes has been demonstrated in these models (61, 183, 220, 251, 322). More
recently, Karol and coworkers applied TIDi topically to mice; they found an increase in
TDI-specific IgG antibodies which was not associated with any lhistological changes,
cytokine levels were unchanged but the effects on airway reactivity were not investigated
(273).

In vitro experiments have proven to be very useful in investigating the effects of TDI.
Mattoli and coworkers investigated the role of bronchial epithelial cell in the
pathophysiological pathways of TDl-induced asthma. It was demonstrated that T.
released the cytokines IL-1 and IL-6 (194) and 15-hydroxyeicosatetracnoic acid (15-
HETE, a product of activation of the 15-lipoxygenase pathway) (193) upon incubation
with bronchial epithelial cells, suggesting a significant contribution of these cells in TDI-
induced occupational asthma. Based on other in vitro studies it was suggested that TDI
caused occupational asthma thiough modulation of receptor sensifivity. Borm and
coworkers showed that TDi enhanced the muscarinic response to methacholine in the
trachea of the rat in vitro whereas the isoprenaline-induced relaxation was decreased (33).
They hypothesized that TDI causes a dysbalance between bronchoconstrictive mechanisms
(methacholine response) and bronchodilator mechanisms ([3-adrenergic effects) (33).

Tachykinins are important mediators of inflammation in the airways of many mammals.
Sheppard and coworkers were the first to demonstrate that TDI-induced airway
hyperresponsiveness (2 hr after . hr exposure to 3 ppm TDI) was completely iuhibited by
treatment with capsaicin (to enable depletion of sensory neuropeptides) or the tachykinin
antagonist (D-Arg', D-Pro?, D-trp™, Leu'') substance P (297). They concluded that
tachykinins were released into the intrathoracic airway during exposure to TDI (278).
Furthermore, they also established an inhibitory effect of TDI on neutral endopeptidase
(NEP) which lead to an increased responsivenes. of guinea pigs to TPI (279). NEP is an
important enzyme because it facilitates the bieakdown of many peptides including SP.
Mapp and coworke's found that TOI causes a concentration-dependent in vitro contraction
of the rat isoiated urinary bladder (179) and the guinea pig main bronchi (182). In both
experimental setups the TDI-induced contractions were inhibited by capsaicin pretreatment
(180) and a substance P antagonist and enhanced by & NEP inhibitor (182). In addition, the
TDI-induced contraction of the guinca pig bronchi was inhibited by C48/80, a mast cell
activating compound, but not by histamine H, and H, receptor antagonists (176) and
increased levels of prosteglandins  'n  the organ bath  were established by
radioimmunoassays (175). These results suggested that TDI activated the efferent function

g
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of capsaicin-sensitive sensory nerves and that NEP may play a role in modulating the
response in guinea pigs. More recently, Baur and coworkers also demonstrated that
neuropeptides, especially the tachykinins SP and NKA, were important mediators of TDI-
induced airway hyperresponsiveness in rabbits (189).

4 Aim and design of the present study

In the previous paragraphs it has become evident that the number of agents causing
occupational asthma and subsequently the incidence of occupational asthma is rising. It has
also become clear that the mechanisms of induction of occupational asthma are
inconclusive. The aim of this present study is to develop a model (or models) for
occupational asthma. »ore specifically, the mechanisms of action of TDI-induced
occupational asthma are studied. The working hypothesis is that either DTH-like (Type TV
hypersensitivity) reactions or IgE-dependent (Type [ bhypersensitivity) reactions are
involved in TDI-induced occupational asthma in the mouse. Due to the extensive studies
already completed in our laboratories concerning DTH-like pulmonary reactions using the
low molecular weight haptens picry!l chloride and DNFB, a mouse model for TDI-induced
asthma was developed based on similar regimes. Chapter 2 describes the characteristics of
this DTH-like model, mainly focusing on in vitro tracheal hyperreactivity and
inflammatory responses.

In 20% of the subjects with TDI-induced asthma Igls antibodies are detected and appear
to play a role in the development of the disease. In chapter 3, the TDI exposure regime is
altered (long term exposure) is such a way that TDI-specific antibodies were produced.
This IgE-mediated model for TDI-induced asthma is introduced and has characteristics
similar to those found in atopic allergic models. The differences between the DTH-like
(short term exposure) and atopic-like (long term exposure) models for TDI-induced
occupational asthma are highlighted and discussed.

Historically many models investigating airway hyperresponsiveness have concentrated
on IgE-dependent mechanisms and the literature on this subject far out ways literature on
DTH-like mechanisms. Therefore, the following chapters of this thesis all focus on the
DTH-like mechanisms involved in TDI-induced occupational asthma. First, in chapter 4
the role of the sensory nerves in the induction of TDI-induced airway changes is examined.
Using capsaicin prefreatment and a specific NK; receptor antagonist the contribution of

sensory neuropeptides during the sensitization and/or effector phase is analysed.
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The effect of TDI-sensitization and challenge or mast cell function is outlined in chapter
5. Furthermore, the role of the mast cell in the induction of TDI-induced airway changes is
investigated using mast cell deficient W/W' mice. Lastly, the effect of ketanserin, a o-HT,
receptor antagonist, and cimetidine, a histamine H» receptor nntagonisly, are examined, to
study the role of serotonin and histamine, respectively.

[n chapter 6 and 7 the TDI-induced DTH-like reaction is further characterized, First, in
chapter 6 the role of the T lymphocytes in the development of TDI-induced airway changes
is presented using athymic nude mice. The specific subset of this T lymphocyte (CD4" or
CD8") is identificd using in vivo antibody depletion studics. Second, in chapter 7 the
isolation and purification of a TDI-specific lymphocyte factor is described. Moreover,
several parameters are measured o demonstrate the biological activity of this novel TDI-
specific lymphocyte factor.

Finally, the conclusions of the different chapters are summarized and discussed in
chapter 8.
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ABSTRACT

Toluene diisocyanate (TDI) is a low molecular weight compound which is known to cause
occupational asthma in 5-10% of exposed workers. These patients exhibit marked airway
hyperresponsiveness and granulocyte accumulation in the airways and 10-20% were also
determined to have TDI-specific IgE in their serum. In this study we developed a murine
model {or TDI-induced asthma. After several sensitization and challenge regimes were
tested, it was decidea that epiimal sensitization was observed after mice (BALB/c) were
skin sensitized with TDI (1%) two times on two consecutive days and challenged
inuanasally 8 days later with TDI (1%). TDI-sensitized mice exhibited tracheal
hyperreactivity to carbachol 24 hr after the challenge (69% increase in maximal contractile
response). In contrast, no difference between the control and TDI-treated groups was
abserved 2 and 48 hr after challenge with 1% TDI. There appeared to be no elevation in
TDI-specific IgE antibodics in the serum at all time points measured. In addition, no influx
of leukocytes could be detected histologically in the trachea and lung tissue or airway
lumen 2 and 24 hr after the challenge. Surprisingly, at 24 hr after the challenge, the tracheal
hyperreactivity was associated with a marked increase in myeloperoxidase, but not
cosinophil peroxidase, activity in the lung tissve and in the cells of the bronchoalveolar
lavage Iluid. To investigate the role of the lymphocytes in the induction of tracheal

hyperreactivity mice were passively sensitized by intravenous injection of lymphoid cells

from TDI-sensitized donor mice. Similar to active sensitization, adoptive transfer of

lymphocytes from sensitized donors resulted in tracheal hyperrcactivity 24 hr after
challenge of the recipients.

In conclusion, these data show that TDI is capable of inducing lymphocyte-dependent
but IgE-independent tracheal hyperreactivity in the mouse which is not associated with
cellular infiltration in the airways. This model can be used to further investigate the

possible mechanisms involved in the development of occupational asthma induced by TDI.

INTRODUCTION

Toluene diisocyanate (TDI) is a low molecular weight compound which is extensively
used in industry, mainly in the production of polyurethane foams, automobile spray paints,
vamishes and related products. Due to its wide distribution many people are exposed 10
TDI and over 100,000 workers are exposed in the United States alone (286). Virtually all
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subjects exposed to high concentrations of TDI develop irritation of the eyes, nose and
pharynx, but 5-10% of the workers also develop occupational asthma (27). However, for
the development ol occupational asthma it is not necessarily the concentration or duration
of exposure per se but the product of both factors that is important for the progression of
the disease (303). TDI-induced occupational asthrna is characterized by specific airway
hyperresponsiveness to TDI as well as an increase in nonspecific hyperresponsiveness. A
second important feature of TDI-induced occupational asthma is inflammation of the
airways. In patients neutrophil and cosinophil accumulation has been described (34, 178).
The mechanisms underlying these symptoms are controversial. In only 20% of the subjects
with TDI-induced asthma an increase in TDI-specific IgE antibodies has been reported
(51). More recently, specific IgG antibodies have been shown in subjects with isocyanate-
induced asthma (52). An IgE-mediated reaction is therefore not likely to be the only
mechanism responsible for the action of TDL.

In the past, the guinca pig has been used extensively as a model to investigate TDI-
induced asthma. The guinea pig model described by Karol and coworkers displayed both
immediatc and late onset airway responses (137). Since both responses may be
consequences of antibody reactions, investigation of the mechanisms of TDI-induced
asthma has focused on production and detection of TDI-specific antibodies. This model has
demonstrated that antibody production was dependent on the concentration of TDI (136).
In @ more recent publication Karol and coworkers published a murine model for TDI-
induced airway changes (273). This model focused on antibody production and an increase
in [gG antibodies was observed after skin sensitization with TDI. In our laboratory several
murine models have been developed to ‘nvestigate IgE-indac jendent reactions in the
airways using other low molecular weight molecules, such as piceryl chloride (94) and
dinitrofluorobenzene (DNFB) (47). Skin sensitization with picryl chloride has been shown
to induce tracheal hyperreactivity and pulmonary inflammation which were not associated
with an elevation of serum IgE (94, 95). It 1s an interesting bypothesis that TDI-induced
responses in the mouse and in man may also, under certain conditions, resemble this 1gE-
independent reaction. Both DNFB and picryl chloride have been extensively used to
investigate delayed-type hypersensitivity (DTH) reactions in the skin and the lung. Upon
sensitization with contact allergens (picryl chloride, DNFB) DTH-initiating T cells are
activated to produce antigen-specific, antigen-binding T cell factors within 1 to 2 days (11,
307). The lymphocytes producing this factor can be isolated from draining [ymph nodes
and the spleen (307). The antigen-specific 1" cell factors can arm mast cells (and possibly
some other cell types) (150, 198). Upon local second contact with the antigen (challenge)
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the ‘T cell factor armed mast cells are activated to release their mediators, especially
vasoactive amines such as serotonin (11). Serotonin can induce infiltration of circulating
antigen-specific DTH effector T cells (CD4+ Th cells) (4), which are also generated during
the sensitization (203). These DTH effector T cells can recognize antigen extravascularly
in the context of MHC class Il on antigen presenting cells after a second contact with the
antigen. The DTH effector T cells are hereby triggered to produce cytokines leading to a
DTH response (9)

In this study we developed a murine model to investigate TDI-induced occupational
asthma. In the future, this model can be used to further clarify the mechanisms responsible
for TDI-induced asthma.

MATERIALS AND METHODS

Animals

Mice (male BALB/c 6-8 weeks of age) were supplied either by the Central Animal
Laboratory, Utrecht, The Netherlands or by the National Institute of Public Health and the
Environment, Bilthoven, The Netherlands. They were housed in groups not exceeding 6
per cage and maintained under standard conditions. All experiments were assessed by the
animal ethins committee at Utrecht University and the National Institute of Public Health
and the Environment. )

Sensitization procedures

Mice were sensitized once or twice daily on 1, 2, 3, 4 or 5 consecutive days either with 1%
TDI (sensitized group) dissolved i acetone:olive oil (4:1) or with vehicle control
(nonsensitized group) which was applied epicutaneously to the shaved abdomen and thorax
(100 ul) and four paws (100 ) (rable ). Intranasal administration was also used as a
possible route for sensitization. Mice were sensitized intranasally with 20 ul 1% TDI
dissolved in ethyl acetate:olive oil (1:4) or vehicle control twice daily on two consecutive
days. In some experiments mice were sensitized with 100 pl 0.5% DNFB dissolved in
acetone:olive oil (4:1) or vehicle control which was applied epicutaneously to the shaved
abdomen and four paws on day 0 and day 1. During all sensitization procedures the mice
were anaesthetized with sodium pentobarbitone (50 pl; 30 mg/kg i.p.). The optimal
sensitization was determined to be skin sensitization with 1% TDI twice daily on day 0 and
day 1.

Challenge procedure

Sensitized and nonsensitized groups were challenged with 1% TDI dissolved in ethyl
acetate:olive oil (1:4) either on day 2, 6, 8 or 14 after sensitization (table ). Twenty pl of
the TDI solution was applied intranasally under light anaesthesia (sodium pentobarbitone;
50 pl; 30 mg/kg i.p.). After the optimal sensitization procedure had been chosen, different
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concentrations of TDI for the challenge (0.01%, 0.1% and 1%) were tested. Furthermore,
mice were also challenged on the ears; TDI (20 ul; 0.5%; dissolved in acetone) or vehicle
control (20 w1y were applied topically to both sides of the ears. In some experiments to test
for hapten specificity mice were challenged intranasally with 50 ul 0.6% dinitrobenzene
sutphonic acid (DNS) dissolved in phosphate buffered saline (PBS, pH 7.2). The optimal
intranasal challenge procedure was determined to be on day 8 with 1% TDI.

Isometric measurement of tracheal reactivity

Tracheal reactivity was measured using the method of Garssen and coworkers (97). Mice
were killed by an overdose of sodium pentobarbitone (0.3 ml; 60 mg/kg i.p.). The trachea,
which was resected in toto, was carefully cleaned of connective fissue using a binocular
microscope. A 9 ring piece of the trachea (taken from just below the larynx) was then
transferred to a 10 ml organ bath containing a modified oxygenated Krebs solution (118
mM NaCl, 4.7 mM KCI, 2.5 mM CaCL,6H,0, 0.5 mM MgCl,6H:0, 25.0 mM NaHCO;,
1.0 mM NaHPO, H;O, 1 [.1 mM glucose). The trachea was directly slipped onto 2 supports
of an organ bath, one of which was coupled to the organ bath and the other to an isometric
transducer. The solution was aerated (95%: 5%:; O,: CO;) at a constant temperature (37°C).
[sometric measurements were made using a force displacement transducer (Harvard
Bioscience, Boston, MA) and a 2 channel recorder (Servogar type SE-120) and were
expressed as changes in mg force, Optimal pre-load for the mouse trachea was determined
to be 1000 mg. The trachea was allowed to equilibrate for at least 1 hr before drug effects
were elicited. During the equilibrivm phase the fluid in the bath was changed every 15
minutes. To assess reactivity concentration-response curves to carbachol were determined
2, 24 and 48 hr atler challenge with TDIL

Adoptive transfer of lvmphoid cells

The inguinal lymph nodes and spleen from sensitized and nonsensitized mice were
collected on day 6 after sensitization (twice daily on two consecutive days). They were
pooled and cell suspensions were made by gently pressing the lymph nodes and spleen
through a stainless steel screen. After washing the cell suspensions three times with cold
PBS total cell counts were performed. Five x 10" or 107 lymphoid cells in 100 pl PBS were
transferred into  the retroorbital plexus of normal recipient mice under sodium

pentobarbitone anaesthesia (50 wl; 30 mg/kg i.p.). Twenty four hr later these recipients

were challenged intranasally with 1% TDIL Twenty four hours after this challenge tracheal

" reactivity to carbachol was measured,

Measurement of cutanvous reactions

An increase in ear thickness was measured 2, 24 and 48 hr after topical challenge with
0.5% TDI in acetone. Immediately after an i.p. overdose of sodium pentobarbitone the
thickness of the TDI-treated ear and the vehicle-treated ear were measured using an
engineers micrometer (Mitutoyo, Japan, No. 293-561) (48). Results are expressed as the
difference in ear thickness (A ear thickness, mm) between the (wo ears.
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Bronchoalveolar lavage (BAL) fluid

Lavage was performed in sensitized and nonsensitized mice 2, 24 and 48 hr after challenge.
At the time of lavage the mice were killed with an overdose of sodium pentobarbitone (0.3
ml; 60 mg/kg i.p.). The chest cavity was exposed to allow for expansion after which the
trachea was carefully intubated and the catheter was secured with ligatures. Phosphate
buffered saline (PBS, 37°C) was slowly injected into the lung and withdrawn in 4 x 1 ml
aliquots. The aliquots were pooled and then kept at 4°C. Total cells were counted using a
haemocytometer and expressed as cells/lung. Leukocyte populations were then evaluated
by staining BAL. fluid lavage smears with a thiazine/cosin staining kit (Diff-quick). Results
are expressed as leukocytes/lung for mononuclear cells, neutrophils and eosinophils.

Histological analysis

At 2, 24 and 48 hr after the intranasal challenge 'ungs and trachea were removed from mice
after lethal anaesthesia with 50 pl of a cocktail consisting of 7 ml of 50 mg/ml ketalar, 3 ml
2% rompun, and 1 ml of 1 mg/ml atropine, injected intramuscularly (Nembutal causes
vasodilatation, which negatively influences the histology preparations). Belore removing
the lungs the raice were perfused with 5 ml PBS (37°C) in the right heart ventricle. The
lungs and trachea were filled intratracheally with a fixative (0.8% formalin, 4% acetic acid)
using a ligature around the trachea. The unfolded lungs and trachea were fixed [or at least
24 hr in the fixative, dehydrated, and embedded in paraplast. Four pm thick sections were
stained with hematoxylin and cosin or with periodic acid Schiff reagent in combination
with toluidine blue. An additional giemsa staining was performed to investigate the
presence ol cosinophils. Evaluation of the number of inflammatory cells was performed.

Enzymatic assays

Mice were killed with an overdose of sodium pentobarbitone and the lungs were perfused
by injection of 5 ml PBS (37°C) into the right heart ventricle. Hereafter the lungs were
weighed and homogenized in 2 ml cold tris-triton buffer (0.05 M tris-HC1, pH=8, 0.1%
triton X-100). The homogenates were then exposed to freeze/thaw conditions S times
whercafter they were centrifuged (1600 g, 5 minutes, 4°C). The supernatant was used for
myeloperoxidase (MPO) and cosinophil peroxidase (EPO) measurements. After lung
lavages the BAL fluid was spun (1600 g, 10 minutes, 4°C) and both the supernatant and
the pellet were used for MPO and EPO measurements.

The MPO activity was assayed according to a standard spectrophotometrical technique
(108). Serial dilutions were made in 96 wells microtiter plates, 50 pl sample was mixed
with 150 pl phosphate buffer (0.05 M; pH 6.0) containing o-dianisidine dihydrochloride
(0.167 mg/ml) and 0.0005% hydrogen peroxide. After 1 hr incubation at room temperature
the absorbance at 460 nm was recorded. Results were expressed as optical density/g fung
tissue or as optical density/g cells for lung tissue and BAL fluid samples, respectively.

The EPO activity was also assayed according to a standard spectrophotometrical
technique (291). Serial dilutions were made in 96 wells microtiter plates, 50 pl sample was
mixed with 100 pl wis-HCl (0.05 M. pH 8) containing o-phenylenediamine
dihydrochloride (0.1 mM) and hydrogen peroxide (1 mM). After | lu incubation at room
temperature the reaction was stopped by the addition of 50 pl 4 M sulphuric acid. The
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absorbance was then determined at 492 nm. Results were expressed as optical density/g
lung tissue or optical density/g cells for lung tissue and BAL fluid samples, respectively.

Chemicals

Toluene diisocyanate, olive oil, o-dianisidine dihydrochloride, o-phenylenediamine
dihydrochloride were purchased from Sigma Chemical Co. St. Louis, U.S.A. Carbachol
was purchased from Onderlinge Pharmaceutische Groothandel, Utrecht, The Netherlands.
Dinitrobenzene sulphonic acid was purchased from Eastman Kodak, Rochester, New York.
Sodium pentobarbitone was purchased from Sanofi, Maassluis, The Netherlands.

Statistics

All experiments were designed as completely randomized multifactorials with 6-14 mice
per group. EC50-and Emax-values for the carbachol-induced tracheal contractions of each
experunental animal were calculated separately by nonlinear least-squares regression
analysis (simplex minimalization) of the measured contractions vs. carbachol concentration
using the sigmoid concentration-response relationship and including a threshold value. The
data were analysed by two-way Analysis of Variance followed by a post-hoc comparison
between groups. In the figures and tubles group means + sem are given and a difference
was considered significant when P<0.05. All data manipulation, non-linear fittings,
Analyses of Variance and post-hoc comparisons were carried out with a commercially
available statistical package (SYSTAT, version 5.03; Wilkinson L. SYSTAT: The system
for statistics. Evanston, IL: SYSTAT, Inc., 1990. Statistics).

RESULTS

Tracheal hiyperreactivity

Table | shows the Emax (maximal contractile response) values derived from
concentration-response curves to carbachol (10™%-10*M) 24 hr after the challenge
following different sensitization procedures. The protocol where mice were sensitized
twice daily on day 0 and day | and challenged on day 8, resulted in the most significant
difference in tracheal reactivity to carbachol between the TDI-sensitized and nonsensitized
groups. It is interesting to note that a marked increase in tracheal reactivity was also
observed when the mice were challenged on day 2. After optimalization of the sensitization
process, different challenge procedures were examined. Tracheal preparations taken from
TDI-sensitized and nonsensitized mice were tested for hyperreactivity to carbachol (10
10*M) 24 hr after intranasal challenge with either 0.01%, 0.1% or 1% TDI The results in
figure 1 clearly show that the tracheal hyperreactivity 24 hr after the challenge was

concentration  dependent and both 0.1 % and 1% TDI gave a significant
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Table L. Different sensitization protocols

Maximal tracheal reactivity to
carbachol 24 hr after the challenge

Skin sensitization Challenge

19 TDI 1% . DI Control DI

day 0 (1) day 7 2290 £ 362 2273 £ 259
day 0, 1 (2) day 6 2509 + 404 1936 + 69
day 0, 1; twice daily (4) day 2 2138 £ 238 2967+ 213*
day G, 1; twice daily (4) day 8 2094 267 _ 3041 £ 161**
day 0, 1, 2, 3,4 (5) day 14 2431 £ 196 2876 £ 213
day 0, 1, 2; twice daily (6) day 7 2908 1+ 256 T 2943 £ 498

Results are expressed as mean + sem for n=3-10 mice/group.
(): number of times of administration.

*: P<0.05 when compared with control.

#%: P<0.01 when compared with control.

1200 7—
1000 1 * %
300 |

600 1

400 |

A Centraction (mg)

0 001 0.1 1
% TDI challenge

Figure I Difference (8) in maximal contraction (Emax sensitized mice - Emax
nonsensitized mice) of trachea after completion of a concentration-response curve to
carbachol. Responses were measured in trachea taken from TDI-sensitized and
nonsensitized mice 24 hr after intranasal challenge with 0%, 0.01%, 0.1% and 1% TDI.
Results are expressed as mean * sem for n=06-10 micelgroup. Significant differences
between bars are denoted by (*) and (**) (P<0.05 and P<0.01 respectively).
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Figure 2 Tracheal reactivity A) 2 hr, B) 24 hr and C) 48 hr after the challenge.
Concentration-resporse curves to carbachol were measwed in the trachea of TDI-
sensitized (closed circles) and nonsensitized (open circles) mice 2, 24 and 48 hr afte:
intranasal challenge with 1% TDI. Results are expressed as mean x sem for n=10-12
micelgroup. Significant differences (P<0.01) between curves are denoted by (¥*).
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(P<0.05 and P<0.01, respectively) increase in Emax. In further experiments, tracheal
reactivity at various time points after the chalienge was examined using the optimal
sensitization and challenge procedure. At 2 hr and 48 hr after the challenge with 1% TDI
no significant difference was obscrved between the sensitized and nonsensitized groups
(figure 2A and C). However, 24 hr after the challenge a marked and significant (P<0.01°
increase in reactivity to carbachol was seen in the TDI-sensitized group cornpared with the
nonsensitized group (figrre 28); in the TDI-sensitized group, when compared with the
nonsensitized group, the Emax was enhanced by 69%. However, the EC50 (effective
concentration that produced 50% of the response) for carbachol remained constant at all
time points and all treatments (data not shown).

To test for hapten-specificity, TDI-sensitized mice were also challenged with a
chemically unrelated hapten DNS. Twenty four hr after the challenge no tracheal
hyperreactivity was observed in the TDI-sensitized-DMS-challenged group when
compared with the DNFB-sensitized-DNS-challenged group (Emax: nonsensitized-TDI-
challenged 1962 + 307 mg; TDI-sensitized-TDI-challenged 2618 + 365 mg; nonsensitized-
DNS-challenged 1939 + 236; DNFB-sensitized-DNS-cnallenged 2670 + 320; TDI-
sensitized-DNS-challenged 2127 £ 252 mg, mean + sem for n=4-6 mice/group).

To examine which route or administration was most important for sensitization, mice
were intranasally sensitized with 1% TDI or vehicle (twice daily, day 0 and day 1)
followed by intranasal challenge also with 1% TDI on day 8. Using this protocol no
tracheal hyperreactivity was observed in the TDI-sensitized mice when compared with the
nonsensitized mice (figure 3).

In order to establish whether the induction of tracheal hyperreactivity in this model was
dependent on the lymphocyte, we investigated whether this reaction could be transferred
with lymphoid cells from TDI-sensitized donor mice. After pooling the cells from the
inguinal lymph nodes and spleen, the same number of cells (5 x 10° or 107) from TDI-
sensitized and nonsensitized mice were injected into naive recipient mice to study whether
the tracheal hyperreactivity could be transferred. Figure 4 shows that the mice that had
received 5 x 10" lymphoid cells from TDI-sensitized donors cxhibited tracheal
hyperreactivity 24 hr after the challenge when compared with the control mice (Emax:
nonsensitized donor group 2388 * 166 mg; TDI-sensitized donor group 2822 + 91 mg,
mean + sem for n=14 mice/group, P<0.05). When 107 lymphoid cells were transferred no
significant difference in tracheal hyperreactivity between the sensitized and nonsensitized
mice was found (Emax: nonsensitized 2348 : 227 mg; TDI-sensitized 2658 + 278 mg,
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Figure 3 Tracheal reactivity 24 hr after the challenge with 1% TDI. Conceniration-
resnonse cloves to carbachol were measured in the trachea of intranasally TDI-sensitized
(closed circles) and nonsensitized (open circles) mice 24 hr after intranasal challenge with
19 TDI. Results are expressed as mean * sem for n=6 micelgroup.
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Figure 4 Adoptive transfer experiments. After adoptive transfer of lymphoid cells from
TDI-sensitized and nonsensitized mice, donor mice were challenged intranasally wiih 1%

TDI. Concentration-response curves to carbachol were measured in the trachea of

passively sensitized (closed circles) and nonsensitized (open circles) mice 24 hr the
challenge. Results are expressed as mean . sem for wn=I14 micelgroup. Significant
differences (P<0.05) between groups are denoted by (*).
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mean * sem for n=6 mice/group). This was largely due to the fact that the control
wnonsensitized) tracheal reactivity responses were increased.

Finally, TDI-specific IgE aniibody in the sera was measured 2 and 24 hr after the
challenge in nonsensitized and TDI-sensiti=ed mice. Only one of the samples was
measurable (TDI-sensitized, 24 hr after the challenge, n=5 mice/group); the other samples
were below detection (personal communication Professor M.H. Karol, University of
Pittsburgh, PA).

Cutaneous responses

In addition to measuring pulmonary rcsponses induced by exposure to TDI, the
development of cutaneous immune responses (i.e. contact hypersensitivity) was followed
(figure 5). Two hr after the challenge on the ear there was no significant difference
between the increase in ear thickness of both TDI-sepsitized and nonsensitized groups.
However, at 24 hr the increase in ear thickness of the sensitized group was significantly
enhanced compared with the nonsensitized group (P<0.01). At 48 hr after the challenge
there was still an increase of 50% in the sensitized group compared with the nonsensitized

group, however this difference was no longer significant (P=0.06).

Increase ear thickness (x10 mam)

0 ¢5 1.0 1.5 20 25 3.0
Vehicle . &
TDI =
Vehicle
TDI
Vehicle - 48 hr
DY 4

Figure 5 Ear swelling response 2, 24 and 48 hr after the challenge. TDI-sencitized (ciosed
bars) and nonsensitized (open bars) mice were topically challenged on both cars, one ear
with 0.5% TOI wnd the other with vehicle. The ear swelling was measured 2, 24 and 48 hr
after the chailenge using a micrometer and the difference in ear thickness x 10° mm)
between the two ears is expressed as mean X sem for n=10-12 mice/group. Significant
differences (P<0.01) between groups are denoted by (%),
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Table 2. Total cell count in BAL fluid of sensitized and nonsensitized
mice 2, 24 and 48 hr after challenge with 0.1% or 1% TDI.

Challenge 1% TDI (x10% 0.1% TDI (x10°)
2hr
Control 2.5140.30 3.86:+0.81
TDI1 2.9740.31 2.674£0.59
24 hr
Control 2.50+0.50 2.70+0.29
DI 2.2340.40 3.0540.57
48 hr
Control 2.4310.22 3.4140.76
DI 3.3540.19 3.4040.35

Results are expressed as mean + semn {or n=10-12 mice/group

Pulmonary inflammation
In table 2 the total cell numbers in the BAL fluid from TDI-sensitized and nonsensitized
mice at 2, 24 and 48 hr after 0.1% or 1% TDI challenge are presented. No significant
differences occurred at any of the time points between the TDI-sensitized and
nonsensitized groups challenged with 0.1% or 1% TDIL Further, there were no significant
differences between the leukocyte subtypes in the BAL fluid of TDI-sensitized and
nonsensitized mice, challenged with 0.1% or 1% TDI, at all time points (table 3). In
agreement with these data, no histological changes were found in the airway tissue taken
from nonsensitized and TDI-sensitized mice. More specifically, no accumulation of
inflammatory cells around bronchioli or pulmonary blhod vessels was induced by exposure
to TDL

In further experiments, the MPO assay was used as a marker for neutrophils in lung
tissue and in BAL fluid cells. In the BAL fluid the MPO assay was used as a marker for
neutrophil activation. The MPO activity in the lung tissue of TDI-sensitized and
nonsensitized animals at 2, 24 anu 48 hr after 1% TDI challenge is shown in figtire 6A.
Two hr after the challenge there was no difference in MPO activity in the lung tissue
between the sensitized and nonsensitized mice. However, 24 hr after the challenge the
sensitized mice clearly showed an increase in MPO activity (368%) compared with the
nonsensitized mice. This increase in MPO activity was largely resolved 48 hr after the
challenge. Although the total amount of MPO present in the BAL fluid cells was much

lower than in the lung tissue the results are in agreement with the MPO activity of
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Table 3. Cell differentiation (%) in BAL of sensitized and nonsensitized mice 2, 24
and 48 hr after challenge with 0.1% or 1% TDI.

Challenge 1% TDI 0.1% TDI
Mononuclear  Neutrophils Mononuclear Neutrophils
2hr
Control ot +3 8§+3 92.£3 8+3
TDI 95 +4 544 93+2 T2
24 hr
Control 95£4 5+4 D5 G b
TDI 9512 SE2 93.+:2 s THP
48 h
Control 9412 62 98 + 1 241
TDI 95+3 53 9741 341

Results are expressed as mean * sem for n=10-12 mice/group.

the lung tissue. Figwre 6B demonstrates that there was no difference 2 hr after the
challenge, however, a marked increase in MPO activity in the BAL {luid cells of the TDI-
sensitized mice compared with the nonsensitized mice (673%) is observed 24 hr after the
challenge. This effect had disappeared 48 hr after the challenge. In the BAL fluid there was
no MPO activity detected at all time points measured and in all gmup;. In addition, the
EPO activity was measured in the lung tissue, BAL fluid cells and BAL fluid 2, 24 and 48
hr after the challenge. In the lung tissue the EPO activity was cetectable, however no
difference was observed between the TDI-sensitized and nonsensitized groups (24 hr:
nonsensitized-TDI-challenged 457.6 £ 64 Optical Deusity/p lung; TDI-sensitized-TDI-
challenged 396.8 -+ 64 Optical Density/g lung. 48 hr: nonsensitized-TDI-challenged 512 +
96 Optical Density/g lung; TDI-sensitized-TDI-challenged 588.8 4. 64 Optical Density/g
lung; mean + sem for n=6 mice/group). In the BAL fluid cells and BAL fluid there was no
EPO activity present in all groups tested.

DISCUSSION

In this present study, we have developed a murine model to investigate TDI-induced

asthma. We used various sensitization and challenge procedures to find an optimal
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Figure 6 Mycloperoxidase (MPQO) activity in A) lung tissue and B) BAL cells. MPO
activity was measured in TDI-sensitized (closed bars) and nonsensitized (open bars) mice
2, 24 and 48 hr after the challenge u.ing a standard spectrophotometric technique. The
optical densitylg lung or cells is expressed as mean + sem for n=6-8 micelgroup.

exposure to TDI. We demonstrated that skin sensitization with 1% TDI (day 0 and day I,
twice daily) and intranasal challenge with 1% TDI (day 8) resulted in the most significant
tracheal hyperreactivity. In contrast, intranasal sensitization and challenge with 1% TDI
did not result in any changes in tracheal reactivity. These results may reflect differences in

diffusion or antigen presentation of TDI haptens in the lung and the skin.
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Tracheal hyperreactivity was not accompanied by an increase in TDI-specific IgE
antibodies. Recently, another murine model for TDI was published by Satoh and
coworkers (273). In this model, sera were drawn 10 days after skin sensitization with 0.5%
TDI followed by intranasal challenge. In agreement with our studies, they found no
changes in TDI-specific [gE antibodies. Unfortunately, airway reactivity 'was not measured
in their study. The fact that TDI-specific IgE antibodies could not be determined in both
studies, is however, no clear evidence of 1ts absence. It is possible that the level of TDI-
specific JgE antibodies in the serum was too low to be detected because it was bound to
mast cells or other cells. Conversely, several indications suggest that an IgE-mediated
mechanism does not play a role in TDI-induced tracheal hyperreactivity. First, 10-12 days
generally are required for [gE antibodies to be produced; in our model significant tracheal
hyperreactivity was observed after challenge on day 2 - obviously too soon for IgE
production. Second, an IgE-mediated mechanism usually is refated to an early asthmatic
response; with our model, we did not find any clear effect earlier than 24 hr after the
challenge in the airways. In addition, ro immediate response was found in the skin of TDI-
sensitized mice. Third, an increase in IgE is usvally accompanied by an influx of
eosinophils into the airway tissue and lumen. In our model for TDI-induced asthma we
were unable to detect eosinophils histologically in the tissue or in the airway lumen.
Moreover, an increase in EPO activity, which is used as a marker for eosinophils (291),
could not be detected in the tissue or in the BAL fluid. Taken together, these results
suggest that an IgE-mediated reaction probably is not the mechanism involved in tracheal
hyperreactivity after sensitization and challenge with TDI. IgE-independent mechanisms
could therefore also be playing an integral part in the response to TDI in the mouse
airways.

It is interesting to note that the cutaneous responses after topical challenge with TDI
bear a marked resemblance to cutancous DTH reactions induced by other low molecular
weight haptens (47). No ear swelling was seen directly (<2 hr) after the challenge.
However, the local car swelling response was significantly increased 24 hr after the
challenge in the TDI-sensitized mice when compared with the nonsensitized mice. Recent
publications from our laboratory have shown that other low molecular weight chemicals,
like pieryl chlonde and DNFB, are potent contact sensitizers but like TDI can also induce
marked tracheal hyperreactivity in the mouse airways (47, 95;. Garssen and coworkers (95)
developed a model for IpE-independent asthma in murine lungs using the hapten picryl
chloride. Picryl chloride proved to be capable of inducing tracheal hyperreactivity 24-48 hr

after intranasal challenge. The T cell dependency of the tracheal hyperreactivity was
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established by several methods, such as the use of nude mice, hapten specificity studies and
adoptive T cell transfer experiments (94). In our study it was also demonstrated that
tracheal hyperreactivity was observed in mice that had received lymphoid cells from TDI-
sensitized donor mice. This is interesting because T cells have been shown to be activated
in occupational asthma caused by isocyanates in the bronchial mucosa in humans (24).
However, lymphoid cells collected from spleen and [ymph nodes are a mixed cell
population containing, in addition to lymphocytes, also mast cells, busophils, macrophages
and B cells. Exactly which cell types (CD4", CD8"', B cells) are important in the induction
of tracheal hyperreactivity to TDI is not vet known but is currently under investigation
using adoptive transfer studies and the selective depletion in vivo of T and B lymphocyte
subsets. However, because sensitization on day 0 and day 1 followed by challenge on day
2 resulted in tracheal hyperreactivity 24 hr after the challenge, DTH-initiating T cells are
possible candidates for the induction of tracheal hyperreactivity.

Another prominent feature of asthma is pulmonary inflammation. Furthermore,
accumulation of inflammatory cells in patients suffering from TDI-induced asthma has
been reported (34, 178); neutrophil and eosinophil accumulation was seen in the BAL
fluid. Epithelial damage and thickening of the basement membrane was observed in
mucosal biopsy specimens of the main or lobar bronchi, as well as an inflammatory
reaction in the submucosa mainly represented by lymphocytes, eosinophils and neutrophils
(230). After picryl chloride sensitization, a pronounced inflammatory response, which was
characterized mainly by mononuclear cells but also some polymorphonuclear cells, was
noted around the bronchioli and blood vesscls 48 hr after the challenge (96). In our study,
however, we were unable to observe an influx of leukocytes into the airway tissue or
lumen. No increase in total number of leukocytes was measured in the BAL fluid, nor
could an increased percentage in specific leukocyte subpopulations be detected in the
airway lumen of TDI-sensitized muce. Moreover, histological examination of the lung
tissue and trachea did nc cveal any inflammatory loci which is in direct contrast to the
results obtained after ¢ osure to picryl chloride (94). In agreement, the murine model
described by Satoh and coworkers (273) showed only minimal inflammatory infiltrates in
the lungs of TDI-sensitized mice 48 hr afi+r intranasal chalienge. The infiltrates they did
find consisted of mononuclear inflammatory cells arcund pulmonary blood vessels.
Surprisingly, in our studies the MPO activity in the lung tissue and BAL cells was
enhanced 24 hr after the challenge. In our department, other cells were tested for their
MPO content. Tt was observed that all other cells (mast cells, macrophages, eosinophils and
fibroblasts) had virtually no MPO content, confirming that MPQ activity can be used as a
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specific marker for neutrophils. However, no influx of neutrophils into the airways could
be determined; therefore, the increase in MPO activity should be interpreted as an increase
in MPO content per neutrophil. The significance of such an mncrease is not clear but may
represent a different activation state of the neutrophiis in mice that were sensitized and
challenged with TDI. Alternatively, activated ncatrophils could have been phagocytized by
macrophages making them impossible to detect using our histological technigue (158).

Conflicting data have been published regarding the relationship between pulmonary
inflammation and the induction of airway hyperreactivily. Studies in asthmatic subjects
sensitized with TDI indicate that bronchial hyperreactivity could be related to inflammation
of the airways (34, 178). On the other hand, it has been demonstrated in several animal
models that bronchial hyperreactivity is not dependent on bronchial inflammetion (94, 241,
256). In this study the tracheal hyperreactivity was not correlated to an influx of
leukocytes, but an increase in MPO activity in lung tissue and BAL cells did appear 24 hr
after the challenge. It is therefore possible that neutrophil activation, and not infiltration,
may be partially responsible for the induction of tracheal hyperreactivity.

The murne model that was developed in this study exhibits some of the features
observed in TDI-induced asthma in humans. First, the tracheal hyperreactivity in this
model appeared at 24 hr after challenge which is considered a late response. Second, the
development of TDI-induced tracheal hyperreactivity is lymphocyte dependent. Third, the
increased MPO activ'iy suggests an important role for the neutrophil in this reaction, but
this response needs to be examined in the future. Finally, the fact that TDI-specific 1gE
antibodies could not be consistently detected is also in agreement with the majority of
patients suffering from TDI-induced asthma. There has been much discussion in recent
years as to the nature of airway responses tnduced by TDI. An irritant pathogenesis, which
has been described particularly in the skin, has been suggested and is not mediated through
an immunological reaction (77). In our study we observed irritant responses directly after
application of TDI in the skin and in (he airways. However, in the present study a clear
sensitization response, albeit [gE-independent, was observed in the airways after repeated
exposure to TDIL Our data would therefore support the hypothesis that bod types of
responses are induced after exposure to TDI,

In conclusion, TDI is still used extensively in industry. The best way to prevent new
cases of occupational asthma is, of course, to stop using isocyanates. However, this is not a
likely event in the near future. Consequently, research needs to be focused on TDI-induced
asthma and this model provides the opportunity to reveal the immunological background

behind the problems caused by TDI and other isocyanates.
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ABSTRACT

Toluene diisocyanate (TDI) is a low molecular weight compound which is known (o cause
occupational asthma in 5-10% of exposed workers. Recently, we developed a murine
model to investigate TDI-induced occupational asthma. Short term exposure to TDI (skin
sensitization twice daily on day 0 and day | and intranasal challenge on day 8) led to a
nonspecific tracheal hyperrcactivity 24 hr after the challenge in TDI-sensitized mice when
compared with nonsensitized mice, while no TDI-specific IgE antibodies were found in the
serum. Since 209 of subjects with TDI-induced occupational asthma exhibit an increase in
serum IgE antibodies we exposed mice for a longer period of time to investigate whether
this procedure could induce TDI-specific antibody production in exposed mice. Long term
exposure (skin sensitization on 6 consecutive weeks followed by intranasal challenge on
week 7) resulted in the production of total TgE and IgG and TDI-specific IgE and IgG
antibodies. Airway reactivity to various agonists was also measured iz vitro and i vivo in
long term exposed mice. TDI-sensitized mice exhibited /n virro tracheal hyperreactivity to
carbachol 3 hr after the challenge when compared with the nonsensitized mice. Moreover,
in vive airway hyperresponsiveness to serotonin was found 3 hr after the challenge in TDI-
sensitized mice. Interestingly, in vive airway hyvperresponsiveness was not observed at any
time point in the mice exposed to TDI according to the short exposure protocol.

In conclusion, by altering the exposure time and or cumulative dosage of TDI different
biological reactions can be elicited in exposed mice. This important finding might be a
reflection of the diversity of symptoms found in patients suffering from TDI-induced
asthma. Both the short exposvie .+ e long exposure model will be useful to further
investigate the mechanisms of actton 50 TDILL

INTRODUCTION

Teluene diisocyanain (UDID is a well known cause ot accupational asthma. TDI-induced
occupational asthma 1s characterized by specilic airway hyperresponsiveness to TDI as
well as an increase in nonspecific hyperresponsiveness (141, 231). A second important
feature of TDI-induced occupational asthma is inflammation of the airwavs identified by
an influx of lymphocytes, cosinophils and neutrophils (24, 178, 230). However, the
pathogenesis of TDI-induced asthma is diverse. In general, in only 20% of the subjects
with TDI-induced occupational asthma an increased level of serum TDI-specific IgE
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antibodies can be detected (21). For the remaining 80% of the subjects an IgE-independent
mechanism has been proposed. Most studies describing human cases of TDI-induced
occupational asthma demonstrate that TDI is capable of inducing different types of
immune reactions. The dose-dependency of exposure to TDI and the severity of asthmatic
symptoms has already been established (123, 136). Interestingly, it was also found that the
number of immediate rcactions to TDI decreased progressively when the interval between
the last occupational exposure and the specific challenge was increased (208). In addition,
Mapp and coworkers described that after cessation of exposure to TDI, subjects who
showed immediate or dual asthmatic reactions tended to recover as opposed to subjects
who showed only late asthmatic reactions in whom no improvement was found (127).

Previously, we have described an IgE-independent, murine model for TDI-induced
occupational asthma (274). Short term TDI exposure (skin sensitization twice daily on two
consecutive days followed by intranasal challenge on day 8 with 1% TDI) did not lead to
the production of IgE antibodies whereas a significant, nonspecific tracheal hyperreactivity
was found 24 hr after the challenge in TDI-sensitized and challenged mice when compared
with nonsensitized mice. Adoptive transfer studies in which lymphoid cells from TDI-
sensitized mice were transferred into naive recipients suggested an important role for T
lymphocytes in the induction of this tracheal hyperreactivity. The characteristics of our
mode: for TDI-induced occupational asthma resembled several findings found in murine
models for pulmonary delayed-type hypersensitivity (DTH) reactions developed earlier in
our laboratories (47, 95). We therefore hypothesized that the induction of a DTH-like
reaction could be an important mechanism of action of TDI.

The mouse, however, is also a good species to investigate IgE-dependent airway
responses. In our laboratory Hessel and colleagues (116) developed a murine model to
investigate human allergic asthma. Human allergic asthma is Chﬂmctériz&d by airway
hyperresponsiveness to bronchoconstrictive mediators (222), the presence of allergen-
specific IgE antibodies (55) and an influx of inflammatory cells, mainly eosinophils (282).
In the mouse sensitization with ovalbumin (7 L.p. injections on alternate days) induced high
ovalbumin-specific IgE levels in the serum. Moreover, repeated inhalation challenge with
ovalbumin induced a significant in vive airway hyperresponsiveness, which is also
described by other investigators, and an influx of eosinophils in the luné, (44, 255). In the
present study we tried different sensitization regimes to induce the production of TDI-
specific IgE antivodies. Furthermore, we investigated whether the presence ot TDI-specific
[gE antibodies had an influence on the airway reactivity, using iz vitro (97) and in vivo
techniques (117).
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MATERJIALS AND METHODS

Animals

Mice (male BALB/c 6-8 weeks of age) were supplied either by the Central Animal
Laboratory, Utrecht, The Netherlands or by the National Institute of Public Heaith and the
Environment, Bilthoven, The Netherlands. They were housed in groups not exceeding 6
per cage and maintainec under standard conditions. All experiments were assessed by the
animal ethics committee at Utrecht University and the National Institute of Public Health
and the Environment.

Sensitization procedures

Short (2 day) exposure: Mice were sensitized twice daily on day 0 and day 1 either with
1% TDI (sensitized group) dissolved in acetone:olive oil (4:1) or with vehicle control
(nonsensitized group) which was applied epicutaneously to the shaved abdomen and thorax
(100 ply and four paws (100 pl).

Long (6 wecks) exposure: Mice were sensitized once a day on day 0, 7, 14, 21, 28, and 35
(6 consecutive weeks) either with 1% TDI (sensitized group) dissolved in acetone:olive oil
(4:1) or with vehicle cor ‘nonsensitized group) which was applied epicutaneously to
the shaved abdomen an: % (100 pb) and four paws (100 pl). During all sensitization
procedures the mice w naesthetized with sodium pentobarbitone (50 pil; 30 mg/kg i.p.).

Challenge procedure

Sensitized and nonsensitized groups were challenged intranasally with 1% TDI dissolved
in ethyl acetate:olive oil (1:4) either on day 8 (short exposure protocol) or on day 42 (long
exposure protocol). Twenty ul of the TDI solution was applied intranasally under light
anaesthesia (scdium pentobarbitone; 50 pl; 30 mg/kg 1.p.). Furthermore, mice were also
challenged on the ears; TDI (20 wl; 0.5%; dissolved in acetone) or vehicle control (20 pl)
were applied topically to both sides of the ears.

Assessment of antibody production

Preparation TDI-MSA conjugates: 20 mg mouse serum albumin was added to 4 ml 0.05 M
sodium phosphate buffer, pH 7.4. To this solution, 38 jtl TDI was added. The mixture was
stirred at 37°C for 4 hr. The reaction was stopped by addition of 5 ul monoethanolamine.
After | hr, the solution was filtered and dialysed (273).

Enzyme-linked immunosorbent assay (ELISA): Polystyrene microtiter plates were coated
with 50 ig/ml TDI-MSA for the TDI-specific [gE/IgG measurements or with 2,5 pg/ml rat
anti-mouse IgB/IgG for the measurement of total TpgE/IgG in 0.1 M carbonate buffer, pH
9.6 (50 pl per well). The coated plates were incubated in a humid chamber overnight at
4°C, Plates were washed five times with phosphate buffered <aline (PBS)/Tween 20
(0.05% v/v) and incubated with 1% BSA in PBS/Tween 20 (0.05% v/v; 50 pl per well) for
30 minutes at room lemperature. After washing the plates five times 50 pl diluted serum
was added and incubated for 2.5 hr at room temperature. The plates were washed again
five times and 50 pl of a 1:500 dilution of peroxidase labelled goat anti-mouse IgE/IgG
was added. After a 2.5 hr incubatior at room temperature, the plates were washed five
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times and 50 Wl o-phenylenediamine dihiydrochloride (OPD) was added. After a further
incubation period of 15 minutes at room temperature the reaction was stopped by adding
25 pl per well 4 M H,SO, and absorbance values were read at 492 nm using a microplate
reader. Values arc given as optical density by a dilution of 200, 100, 1 x 107, 3200 for the
total IgE, TDI-specific IgE, total 1gG and TDI-specific IgE respectively. Sera samples were
tested after the short exposure protocol (skin sensitization on 2 consecutive days and
intranasal challenge on day 8), after the long exposure protocol (skin sensitization on 6
consecutive weeks and intranasal challenge on week 7) and during the long e:rposure
protacol (skin sensitization on 4 consecutive weeks).

Measurement of in vivo airway responsiveness

In vivo airway responsiveness was measured using an air-overflow pressure method
described by Hessel and coworkers (117). Mice were anaesthetized with urethane (2 g/kg
i.p.) and placed on a heated blanket (30°C), The trachea was cannulated and a small
polyethylene catheter was placed in the jugular vein for iv. administrations. The
spontancous breathing was suppressed by tubocurarine chloride (3.3 mg/kg 1.v.).
Immediately hereafter the tracheal cannula was attached to a Fleisch flow head (Godait,
Utrecht, The Netherlands), which was connected to a Gould Godart pnieumotachograph
(Godart, Utrecht, The Netherlands), which i turn was coupled to a respiration pump
(Sanders Brinie, Enschede, The Netherlands). The inflation volume of the pump was 0.8
ml per beat with 190 beats per minute. A pressure transducer (Validyne, Norhtridge, CA,
USA) was located between the flow head and the respiration pump in order to measure
changes in the bronchial resistance to inflation. Pressure and flow signal were recorded
breath-by-breath on a Gould Bruch 2400 recorder (Godart, Utrecht, The Netherlands). To
asses reactivity dose-responsc curves to serotonin (20-1280 pg/kg i.v.) were determined 3,
24 and 48 hr after the challenge with TDI following both the long and short exposure
protocol. Determination of doses-response curves to carbachol were not possible due to
high mucus production leading to the death of 1he animals before the curves could be
completed.

Isometric measurement of ir vitro tracheal reactivity:

Tracheal reactivity was measured using the method of Garssen and coworkers (97). Mice
were killed by an overdose of sodium pentobarbitone (0.3 ml; 60 mg/kg i.p.). The trachea,
which was resected in foro, was carefully cleaned of connective tissue using a binocular

microscope. A 9 ring piece of the trachca (taken from just below the larynx) was then

transferred to a 10 ml organ bath containing a modified oxygenated Krebs solution (118
mM NaCl, 4.7 mM KCl, 2.5 mM CaCL,6H,0, 0.5 mM MgCL6H,0, 25.0 mM NaHCOy,
1.0 mM NaHPO,H,O, 11.1 mM glucose). The trachea was directly slipped onto 2 supports
of an organ bath one of which was coupled to the organ bath and the other to an isometric
transducer. The solution was aerated (95%: 5%; O,: CO;) at a constant temperature (37°C).
Isometric measurements were made using a force displacement transducer (Harvard
Bioscience, Boston, MA) and a 2. channel recorder (Servogar type SE-120) and were
expressed as changes in mg foree. Optimal pre-load for the mouse trachea was determined
to be 1000 mg. The trachea was allowed to equilibrate for at least | hr before drug effects
were elicited. During the equilibrium phase the fluid in the bath was changed every 15
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minutes. To assess reactivity concentration-response curves Lo carbachel (10107 M) and
serotonin (10™-10™ M) were determined 2-3, 24 and 48 hr after challengz in both the long
and short exposure protecol.

Histological analysis

At 0.5, 2 and 24 hr after and before the intranasai challenge on day 42 lungs and trachea
were removed from mice after lethal anaesthesia with 50 pl of a cocktail consisting of 7 ml
of 50 mg/ml ketalar, 3 m! 2% rompun, and 1 ml of 1 mg/ml atwopine, injected
intramuscularly (Nembutal causes vasodilatation, which negatively influences the
histology preparations). Before removing the lungs the mice were perfused with 5 ml PBS
(37°C) in the right heart ventricle. The lungs and trachea were filled intratracheally with a
fixative (0.8% formalin, 4% acctic acid) using a ligature around the trachea. The unfolded
lungs and trachea were fixed for at least 24 hr in the fixative, dehydrated, and embedded in
paraplast. Four pm thick sections were stained with haematoxylin and eosin or with
periodic acid Schiff reagent in combination with toluidine blue. An additional giemsa
staining was performed to investigate the presence of eosinophils. Evaluation of the
number of ir. Tammatory cells and other histological changes was performed.

Measurement of cutaneous reactions

An increase in car thickness was measured 2, 24 and 48 hr after topical challenge with
0.5% TDI in acetone after the short and long exposure protocol. Immediately afier an w.p.
overdose of sodium pentobarbitone the thickness of the TDI-treated car and the vehicle-
treated ear were measured using an engineers microme... (Mitutoyo, Japan, No. 293-561)
(48). Results are expressed as the difference in ear thickness (A ear thickness, mm)
between the two ears.

hemicals

Toluene diisocyanat., olive oil, mouse serum albumin, carbachol, serotonin (5-hydroxy
tryptamin .), o-phenylencdiamine dihydrochloride, were purchased from Sigma Chemical
Co. St. Louis, U.S.A. Rat anti-mouse IgE, rat anti-mouse IgG. rat anti-mouse IgE-
peroxidase labelled, rat anti-mouse IgG-peroxidase labelled were purchased tfrom
Monosan. Tween 20 was purchased from Janssen Pharmaceutical, Belgium.
Monoethanolamine was purchased from Merck, Amsterdam, The Netherlands. Sodium
pentobarbitone was purchased from Sanofi. Maassluis, The Netherlands.

Stavistics

All exreniments were designed ~s completely randomized multifactorials with 6-14 mice
per group. EC50-and Emax-values for the carbachol-induced tracheal contractions of each
experimental animal were calculated separately by nonlinear least-squares regression
analysis (simplex minimalization) of the measured contractions vs. carbachol concentration
using the sigmoid concentration-response relationship and including a threshold value. The
data were analysed by two-way Analysis of Variance followed by a post-hoc comparison
between groups. In the figures and tables group means + sem are given and a difference
was considered significant when P<0.05. All data manipulation, non-jinear fittings,
Analyses of Variance and post-hoc comparisons were carried out with a commercially
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a ailable statistical package (SYSTAT, version 5.03; Wilkinson L. SYSTAT: The system
for statistics. Evanston, IL: SYSTAT, Inc., 1990. Statistics).

RESULTS

Antibody responses

Antibody levels were measured in TDI-sensitized mice and nonsensitized mice following
the short exposure rotocol (sensitization twice daily on day O and day 1), the long
exposure protocol (sensitization on 6 consecutive weeks followed by intranasal cha'lenge
on week 7) and after 4 consecutive weeks of sensitization. In the sera of TDI-sensitized and
challenged mice following the short exposure protocol no increases in total Igk, TDI-
specific IgE and total IgG were found while an increase in TDI-specific IgG was detected

when compared with the nonsensitized and challenged mice (figure [A-D). However,

sensitization on 6 consecutive weeks and challenge on week 7 caused an increase in all

antibodies measured. Figure 1A and C show that both the total 1gE and Ih'_t;‘ total IgG levels

were significanily increased in the sera of TDI-sensitized and challenged mice when

compared with nonsensitized mice following the long exposure protocol (P<0.01 and
P<0.05 respectively). More importantly, TDI-specific IgE and TDI-specific IgG were also
significantly elevated in the sera of TDI-sensitized and challenged mice when compared
with the control mice (P<0.01, figure B and D). The formation of antibodies in time was
foliowed by measuring the Jevels after sensitization for 4 consecutive weeks. Atter TDI-
sensitization on 4 consecutive weeks the total IgE level had already increased to the same
level as after 6 weeks of sensitization and challenge on week 7 (figure 1A). In contrast, the
TDl-specific [gE was only 57% of the increase found after sensitization on 6 consecutive

weeks and challenge on week 7 (figure 1B).

In vivo airway responsiveness

In vivo airway responsivencss (o serotonin was measured in TDI-sensitized and
nonsensitized mice both after the short and long exposure protocol. Figure 2 displays
typical dose-response curves to serotonin of a TDI-sensitized and a nonsensitized mouse 3
hr after the challenge following the long exposure protncol to illustrate that injection of
serotonin (i.v.) resulted in a direct contraction of the airway smooth muscle. In figire 3 the
in vivo airway reactivity to serotonin 3 and 24 hr after the challenge of TDI-sensitized mice

and nonsensitized mice following the long exposure protocol are depicted. Three hr after
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Figure I Antibody levels in sera of TDI-sensitized (closed bars) and nonser.sitized (open
bars) mice (open bars). (A) Total Igl, (B) TDI-specific IgE, (C) total IgG and (D) TDI

specific 1gG were determined by spectrophotometry in sera of mice after the short
expostoe protocol (sensitization on day 0 and day 1 followed by challenge on day 8 (1
wk)), after the long exposure protocol (sensitization on 6 consecutive weeks followed by’
challenge on week 7 (7 wk)) and afier sensitization of 4 consecutive weeks (4 wk). The
dotted lines represent the . 2spective antibody levels in che sera of naive mice. Results are
expressed as mean x sem for n=4 micelgroup. Significant differences between TDI-
sensitized and nonsensitized mice (P<0.05 and P<0.01) are denoted by (¥) and (**)
respectively.
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Figure 2 Typical traces of in vivo serotonin doses-response curves (20-1280 pglkg i.v.) in
a (A) nonsensitized and (B) TDI-sensitized mouse 3 hr after the challenge following the
long exposure protocol. In vivo airwey reactivity to serotonin was measured by an air-
overflow pressiwre ). ethod described by Hessel and coworkers (117).

the challenge on day 42 the TDI-sensitized group was clearly more sensitive to serotonin
when compared with the nonsensitized group (figure 3A). The increase in airway
hyperresponsiveness was significant at the doses of 20-480 pg/kg serotonin (P<0.05). This
hyperresponsiveness could not be found when mice were skin sensitized n 6 consecutive
weeks with TDI but not challenged on day 42 (data not shown). Figure 38 inlicates that at
24 hr after the challenge this /n vivo airway hyperresponsiveness to serotonin of TDI-
sensitized mice following the long exposure protocol had disappear~d. /n vivo airway
reactivity was also measured after TDI-sensitization following the short exposure protocol.
In contrast to the long exposure protocol, no difference in responsiveness to serotonin
between TDI-sensitized and the nonsensitized mice could be found 3 and 24 hr alter the
challenge on day 8 (figiere 4). When the airway reactivity was tested 48 hr after the
challenge there was also no difference between TDI and nonsensitized mice both after the

long and the shert exposure protocol (data not shown). In table I the respective ECS50
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Figure 3 In vivo airway reactivity (A) 3 hr and (B) 24 hr after the challenge. Doses

response curves to serotonin were nicasured in TDI-sensitized (closed bars) and

nonsensitized (open bars) mice 3 and 24 after the challenge on day 42 (according to the
long exposure protocol). Results are expressed as mean % sem for n=6-9 micelgroup.

Significant differences berween TDI-sensitized and nonsensitized mice (P<0.05 or P<0.01)

are denoted by (*) or (**) respectively.

(effective concentration that produced 50% of the response) values of TDI-sensitized and
nonsensitized mice are listed. A significant shi* in EC50 values could only be found 3 hy
after the challenge in TDI-sensitized mice when compared with the nonsensitized mice

following the long exposure protocol.
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Short exposure protocol
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Figure 4 In vivo airway reactivity (A) 3 hr and (B) 24 hr after the challenge. Doses-
response curves to serotonin were measured in TDI-sensitized (closed bars) and
nonsensitized (open bars) mice 3 and 24 hr after the challenge on day 8 (according to the

short exposure protocol). Results are expressed as mean * sem for n=6 mice/group.
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Table 1. ED50 (ug/kg) values to serotonin of TDI-sensitized and nonsensitized mice
3, 24 and 48 hr after the challenge in the long and short exposure protocol. In vivo
airway reactivity to serotonin was measured by an air-overflow pressure methaod
described by Hessel and coworkers (117).

Sensitization Time after challenge
3 hr 24 hr 48 hr

Long exposure protocol

Control 330+ 63 369 £ 82 Lo295+44

TDI 115 11E 217 £27 217 £48
Short exposure protocol

Control 337 +£71 191332 268 + 80

TDI 231£50 22667 26771

Results are expressed as mean £ sem for n=5-9 mice/group. Significant differences
between TDI-sensitized and nonsensitized groups are denoted by (*) for P<0.05.

In vitro tracheal reactivity

To investigate the correlation between in verro and in vivo parameters the tracheal reactivity
in vt was also measured. Figire SA shows the tracheal reactivity to carbachol 3 hr after
the challenge on day 42 (Jong exposure protocol). The TD-sensitized mice were
hyperreactive to carbachol when compared with the nonsensitized mice (Emax:
nonsensitized 2247 + 146 mg, TDI-sensitized 3019 + [54 mg, mean + sem for n=6
mice/group, P<0.05). Twenty four and 48 hr after the challenge no difference in tracheal
hyperreactivity to carbachol between: the TDI-sensitized and nonsensitized mice was found
(Emax, 24 hr after the challenge: nonsensitized 2100 + 301 mg; TDI-sensitized 2347 + 151
mg. Emax, 48 hr after the challenge: nonsensitized 2657 + 124; TDI-sensitized 2765 + 159
mg, mean + sem for n=5-14 mice/group). In contrast to the concentration-response curves
to carbachol, reproducible concentration-response curves (o serotonin in vitro were
difficult 1o obtain in naive and treated BALB/c mice. However, in each experiment afler
long term exposure to TDI the TDI-sensitized mice were more reactive to serotonin 3 hr
after the challenge when compared with the nonsensitized mice (Emax experiment 1:
nonsensitized 660 + 230 mg; TDI-sensitized 2103 4 426 mg. Experiment 2: nonsensitizéd

934 + 193 mg, TDI-scnsitized 1486 + 375 mg. Experiment 3: nonsensitized 1921 + 235

mg; TDI-sens*ized 2389 + 188 mg. Experiment 4; nonsensitized 2152 + 299 mg; TDI-

sensitized 2599 1+ 224 mg, mean £ sem for n=4-6 mice/group in each experiment). Due to
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Figure 5 Tracheal reactivity to carbachol (A) 2-3 hr after the challenge following the long
exposure protocol and (B) 24 hr afier the challenge following the short exposure protocol.
Concentration-response curves to carbachol werve measured in the trachea of TDI-
sensitized (closed circles) and nonsensitized (open circles) mice. Results are expressed ¢ s
mean X sem for n=6-12 micelgroup. Significant differences between TDI-sensitized and
nonsensitized mice (P<0.05) are denoted by (*).

the degree of variation following this procedure, the vverall figures of EC50 or Emax
values of the TDI-scnsitized mice were not signiticantly different from the ECS50 or Emax
values of the nonsensitized mice. In comparison, a significant tracheal hyperreactivity to
carbachol (figure 5B) and serotonin (Emax: nonsensitized 1837 + 118 mg; TDI-sensitized
2430 £ 197 mg, mean + sem for n=12 mice/group, P<0.05) were found in TDI-sensitized
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raice 24 hr after the challenge after sensitization according to the short exposure protocol.
At 2 and 48 hr there was no significant difference in tracheal reactivity between the TDI-
sensitized and nonsensitized mice as previously described (274).

Histological analysis

Light microscopy was performed to investigate the effect of TDI sensitization and
challenge according to the long exposure protocol on the airways. Skin sensitization on 6
consecutive weeks with 19 TDI did not result in any histological changes in the airways.
However, the intranasal challenge with 1% TDI caused hypertrophy of the epithelium
within 2 hr in both the TDI-sensitized and nonsensitized mice. Twenty {our iir after the
challenge necrosis of the bronchial epithelium was accompanied by mucus production and
an infiltration of cosinophils in the epithelium and around the bronchioli resulting in total
desquamation of the bronchial epithelium. However, the observed changes were due to the
irritant effect of the intranasal challenge since they were apparent in the TDI-sensitized as

well as in the nonsensitized mice.

Cutaneous responses

In addition to measuring pulnionary responses induced by long exposure to TDI the
development of cutancous immune res Jnsiveness was followed. Figiwre 6A shows the
increase in car thickness 2-3, 24 and ©  nr after topical challenge with 0.5% TDI. At all
time points measured the increase in ear thickness in the TDI-sensitized group after the
long exposure protocol was significantly higher when compared with the nonsensitized
group (P<0.05). In addition, the cutancous responses of TDI-sensitized and nonsensitized
mice following the short exposure protocol were examined. In comparison to the long
exposure protacol it is striking that 2-3 hr after the challenge no increase in ear swelling

could be measured in TDI-sensitized mice after the short exposure protocol when

compared with the nonsensitized mice (figire 68). Howaver, 24 hr after the challenge a

significant increase in ear swelling in TDI-sensitized mice was found when compared with
the nonsensitized mice. This increase was largely resolved 48 hi after the challenge (figioe
6B).

A summary of the presented data in TDI-sensitized and challenged mice following the

short and the fong exposure protocol is given in table 2.
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Figure 6 Ear swelling response 2-3, 24 and 48 hr after the challenge in TDI-sensitized and
nonsensitized mice following (A) the short exposure protocol and (B) the long exposure
protocol. TDI-sensitized (closed bars) and nonsensitized (open bars) mice were topically
challenged on day 8 (short exposure protocol) or on day 42 (long exposure protacol) on
both ears; one ear with 0.5% TDI and the other with vehicle. The ear swelling was
measwred 2-3, 24 and 48 hr after the challenge using a micrometer and the difference in
ear thickness (x 107 mm) between the two ears is expressed as mean * sem for n=6
micelgroup. Significant differences between bars (P<0.05 and P<0.01) are denoted by (*)
and (¥*) respectively.
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Table 2. Summary of the presented data of TDI-sensitized mice following the short
and long exposure protocol.

Short exposure protocol Long exposure protocol
TDI-specific
[gE antibodies - -
In vitro trachea!
hyperreactivity 24 hr 3 hr
In vivo airway
hyperresponsiveness - 3hr_
Histological
changes - -
Cutancous ear
swelling 24 hr 3,24,48 hr

DISCUSSION

We have recently developed a murine model to investigate TDI-induced occupational
asthina (274). Skin sensitization on day 0 and day [ with 1% TDI and intranasal challenge
on day 8 (1% TDI) led to in vitro tracheal hyperreactivity to carbachol and serotonin 24 hr
after the challenge. This model was not associated with an increase in TDI-specific IgE
antibodies and can therefore be used to investigate IgE-independent TDI-induced
occupational asthma which accouns for as much as 80% of the reported patients. We
hypothesized that skin scnsitization with TDI according to the short exposure model
resulted in a DTH-like reaction (274). DTH reactions are characterized by Thl responses
resulting in IgG2a, but not IgE synthesis. Accordingly, in the present study we have indeed
found an increase in TDI-specific 1gG and not in IgE antibodies after TDI application
following the short exposure protocol. In the remaining 20% of the subjects with TDI-
induced occupational asthma IgE antibody production does seem to play an important role
in the development of occupational asthma. In this present study we developed a new
sensitization protocol for TDI which resulted in TDI-specific 1gE antibody production.
Recently, Kitagaki and coworkers (143) demonstrated that repeated application of contact

sensitizing agents o the same skin site resulted in a shift in the time course of antigen-

Chapter 3 ® 73



E 11

specilic hypersensitivity responses from a typical DTH to an immediate-type reaction
followed by a late reaction. Interestingly, in our study repeated application of TDI for 6
consecutive weeks did lead to an increase in total and TDI-specific IgE antibodies which,
in general, are associated with an immediate-type response. In addition, both total and TDI-
specific IgG were increased, suggesting the s qultaneous induction ot JgGi antibodies.

Varying the exposure regime to TDI did not only result in different antibody responses,
but the development of airway responses was also differentially affected. TDI sensitization
according to the short exposure protocol resulted in in vitro tracheal hyperreactivity 24 hr
after the challenge whereas no in vivo airway changes were observed. The reason for the
discrepancy between in vitro and in vivo airway reactivity with regard to the short exposure
protocol could be that the in viro tracheal reactivity method might be more sensitive when
compared with the in vive airway reactivity technique. Additionally, using the in vitro
technique a specific isolated peace of trachea is taken and consequently reactivity of the
bronchi and any other influences from the intact mouse, which are still present when in
vivo cirway changes are measured, could by negated. In contrast, the long exposure
protocol caused more immediate changes in airway parameters. Indeed, three hr after the
challenge on day 42 (i.e. after the long exposure protocol) in vitro tracheal hyperreactivity
to carbachol and serotonin were [ound in TDI-sensitized mice when compared with
nonsensiiized mice. Moreover, TDI sensitization following the long exposure protocal
resulted in in vive airway hyperresponsiveness 3 hr after the challenge.

The dissimilarity between the [gE-mediated (long exposure) and IgE-independent (shoit
exposure) mechanism was also obvious when cutancous responses were measured. TDI
sensitization according to the long exposure protocol resulted in a significant ear swelling
response 2-3 hr after the challenge which was not found after TDI sensitization according
to the short exposure protocol. Taken together, TDI sensitization and challenge according
to the long exposure protocol resulted in the production of TDI-specine IgE antibodies
accompanicd by more immediate reactions in the airways and skin when compared with
sensitization according to the short exposure protocol. Although so far no relationship
between IgE or 1gG antibadies to TDI and the respiratory response in asthmatics sensitized
to isocyanates has been reported, it was suggested that the early-onset responses reflected
an IgE-mediated response (140). The study of Karol and coworkers, in addition to the data
presented here, demonstrate that TDI is capable of inducing different immunological
reactions. We hypothesize that the short exposure protocol resembles the IgE-independent
mechanism of action of TDI and that the long exposure protocos is a viable model to

investigate [gE-mediated TDI-induced occupational asthma. In future studies, the strict
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IgE-dependency of the airway hyperresponsiveness observed in this model will have to be
established.

In conclusion, this study demonstrated that by altering the exposure time and/or
cumulative dosage TDI is capable of inducing different immunological reactions. This
important finding might be an explanation for the diversity of symptoms found in patients
suffering from TDI-induced asthma. Both the short exposure and the long expasure model
will be useful to further investigate the mechanisms of action of TDI.
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ABSTRACT

Recently, we have developed a murine mode! to investigate toluene diisocyanate (TDI)-
induced occupational asthia. After skin sensitization and intranasal challenge with TDI
(1%) mice exhibited tracheai hyperreactivity 24 hr after the challenge. The aim of this
present stuay was to investigate the possible role for sensory neuropeptides in the
development of this tracheal hyperreactivity. First, we demonstrated that direct application
of TDI in viiro induced the release of iachykinins from the sensory nerves in the isolated
mouse trachea. Second, capsaicin pretreaiment, resulting in the depletion of sensory
neuropeptides, completely abolished the TDI-induced tracheal hyperreactivity 24 hr after
the challenge. Third, the selective neurokinin ; (Nivy) receptor antagonist RP 67580 (0.2
umol/kg, i.v.) also inhibited tracheal hyperreactivity when it was administered before the
challenge. Administration of RP 67580 during the sensitization phase, however, did not
result in a suppression of the TDI-induced tracheal hyperreactivity 24 hr after the
challenge When TDI-sensitized mice were topically challenged with TDI a marked ear
swelling response was observed. The cutancous response after TDI application was not
affected by capsaicin pretreatment or RP 67550 administration.

These results clearly show that sensory neuropeptides, particularly tachykinins, are
~ zential for the deveiopment of TDI-induced tracheal hyperreactivity during the effector
pivse. The differences between the airways and skin with respect to the sensory
neuropeptides are intriguing and coutd suggest a local action for the tachykinins in the
airways.

INTRODUCTION

Toluene diisocyanate (TDI), a low molecular weight compound, is a well known cause of
occupational asthma (27). Sensitized subjects exhibit specific airway liyperresponsiveness
and a marked inflammation of the airways, characterized by an influx of neutrophils and
cosinophils (34, 178). The mechanisms underlying these symptoms are controversial. In
only 20% of the subjects with TDI-induced asthma an increase in TDI-specific IgE
antibodies has been reported (51). Recently, we have developed a murine model to
investigate the mechanisms of action of TDI (274). After skin sensitization on two
consecutive days and intranasal challeng ~ 7 days later with 19 TDI no increase in serum

IgE was observed. However, 24 hr after the challenge a marked increase in tracheal
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reactivity to carbachol was measured in TDI-scnsitized mice when compared with
nonsensitized mice.

The sensory nerves, which are part of the noncholinergic, nonadrenergic (NANC)
system, are thought to play an important role in the skin and airways. In the respiratory
tract, sensory nerves are found in abundance around pulmonary blood vessels and in the
epithelium of the trachea and bronchi of many species (18, 105). They contain a range of
neuropeptides including the tachykinins (substance P (SP) and neurokinin A (NKA)) (166)
and calcitonin  gene-related peptide (CGRP) (172). The tachykinins can induce
bronchoconstriction via activation of the NKa recepter (164) and mucus production (259),
plasma protein leakage, and vasodilatation (167) in the airways via the activation of NK,
receptors. However, in mice airways only NI receptors have been demnastrated (174).
Additionally, SP has been demonstrated to degranulate mast cells by a non-receptor
mediated mechanism, thus promoting the release of vasoactive amines such as histamine
and serotonin (19, 82). The most important biological action of CGRP is the regulation of
airway blood flow; it is a potent vasodilator (39). Interestingly, several studies have already
demonstrated that TDI is capable of inducing the release of sensory neuropeptides from
capsaicin-sensitive r._cves in vivo and in vitro (60, 144, 180, 182).

More recent data have revealed the ability of various sensory neuropeptides 10 modulate
immune functions. The tachykinins have been reported to induce proliferation of mitogen-
stimulated 1 lymphocytes (56, 234, 287), migration of leukocytes (187, 207), and
activation of macrophages (145). In contrast, CGRP has been reported to inhibit the
proliferation of mitogen-stimulated T lymphocytes (50, 301), although several reports also
suggest that CGRP may be proinflammatory of its own (45, 46, 92). In literature, the role
for sensory neuropeptides in the induction of airway hyperreactivity has been investigated
in several studies (32, 267). In addition, studies in our own laboratory have recently
demonstrated the importance of sensory neuropeptides in a murine model for pulmonary
delayed-type hypersensitivity (DTH) reaction (47). The aim of the present study was to
irvestigate the role for sensory nerves and the tachykinins in the sensitization and effector

phase of TDl-induced tracheal hyperreactivity in the mouse.

MATERJIALS AND METHODS
Animals
Mice (male BALB/c 6-8 weceks of age) were supplied either by the Central Animal

Laboratory, Utrecht, The Netherlands or by the National Institute of Public Health and the
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Environment, Bilthoven, The Netherlands. They were housed in groups not exceeding 6
per cage and maintained under standard conditions. All experiments were assessed by the
animal ethics committee at Utrecht University and the National Institute of Public Health
and the Environment.

Isometric measurement of tracheal reactivity

Tracheal reactivity was measured using the method of Garssen and coworkers (97). Mice
were killed by an overdose of sadium pentobarbitone (0.3 ml; 60 mg/kg i.p.). The uachea,
which was resected in toto, was carefully cleaned of connective tissue using a binocular
microscope. An intact piece of 9 tracheal rings (taken from just below the 'arynx) was then
transferred to a 10 ml organ bath containing a modified oxygenated Krebs solution (118
mM NaCl, 4.7 mM KCI, 2.5 mM CaCL,.6H;0, 0.5 mM MgCl,.6H,0, 25.0 mM NaHCO;,
1.0 mM NaHPO.HO, 11.I mM glucose). The trachea was directly slipped onto 2
supports of an organ bath one of which was coupled to the organ bath and the other 1o an
isometric transducer. The solution was acrated (95%: 5%; Os: CO;) at a constan!
temperature (37°C). Isometric measurcments were made using a force displacement
transducer (Harvard Bioscience, Boston, MA) and a 2 channel recorder (Servogar type SE-
120) and were expressed as changes in mg force. Optimal pre-load for the mouse trachea
was determined to be 1000 mg. The trachea was allowed to equilibrate for at least | hr
prior to further manipulations. During the equilibrium phase the fluid in the bath was
changed every 15 minutes. To assess reactivity concentration-response c¢urves to carbachol
or scrotonin were determined 24 hr after challenge with TDIL In some ¢ ‘periments the
direct effect of TDI and substance P on the isolated mouse trachea was measured in vitro.
After precontraction with carbachal (3 x 107 M bath concentration) one single
concentration of TDI (ranging from 10°-10™ M) or substance P (ranging from 107-10 M)
was added to the organ bath, TDI was dissolved in dimethyl sulphoxide (DMSO);
however, the concentration of DMSO did not e*zeed 0.1% in the organ bath and had no
effect on its own. To study the effect of RP 67580, the trachea was incubated for 30
minutes with RP 67580 (10’”-10'6 M bath concentrations) before precontraction with
carbachol and subsequent addition of TDI or substance P. In separate experiments,
isoprenaline (107 M bath concentration), which is also an relaxant on murine smooth
muscle, was added to the precontracted trachea to establish the specificity of RP 67580 for
the NK receptor.

Sensitization procedures

Mice were sensitized twice daily on day O and day ] etther with 19 TDI (sensitized group)
dissolved in acetone:olive oil (4:1) or with vehicle control (nonsensitized group) which
was applied epicutancously to the shaved abdomen and thorax (100 pl and four paws (100
uh). During the sensitization procedure the mice were anaesthetized with sodium
pentobarbitone (50 pl; 30 mg/kg i.p.).

Challenge procedure

TDI-sensitized and nonsensitized mice were challenged with 1% TDI dissolved in ethyl
acetate:olive oil (1:4) on day 8. Twenty pl of the TDI solution was applied intranasally
under light anaesthesia (sodium pentobarbitone; S0 {tl; 30 mg/kg i.p.). Furthermore, mice
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Envircnment, Bilthoven, The Netherlands. They were housed in groups not cxceeding 6
per cage and maintained under stan. . conditions. All experiments wete assessed by the
animal ethics committee at Utrecht uaiversity and the National Institute of Public Health
and the Environment.

Isometric measurement of tracheal reactivity

Tracheal reactivity was m.>° ured using the method of Garssen and caworkers (97). Mice
were Killed by an overdose of sodium pentobarbitone (0.3 ml; 60 mg/kg i.p.). The trachea,
which was resected in roto, was carefully cleaned of connective tissue using a binocular
microscope. An intact picee of 9 tracheal rings (taken from just below the larynx) was then
transferred to a 10 ml organ bath containing a modified oxygenated Krebs solution (118
mM NaCl, 4.7 mM K1, 2.5 mM CaCL,.6H;0, 0.5 mM MgCl,.6H,0, 25.0 mM NaHCO;,
1.0 mM NaHPO,H.O, [1.] mM glucose). The trachea was directly slipped onto 2
supports of an organ bath one of which was coupled to the organ bath and the other to an
isometric transducer. The solution was aerated (95%: 5%; O, CQp) at a constant
temperature (37°C). Isometric measurements were made using a force displacement
transducer (Harvard Bioscience, Boston, MA) and a 2 channel recorder (Servogar type SE-
120) and were expressed as changes in mg force. Optimal pre-load for the mouse trachea
was determined to be 1000 mg. The trachea was allowed to equilibrate for at least 1 hr
prior to further manipulations. During the equilibnum phase the fluid in the bath was
changed every 15 minutes. To assess reactivity concentration-response curves 'o carbachel
or serotonin were determined 24 hr after challenge with TDL In some experiments the
direct effect of TDI and substance P on the isolated mouse trachea was measured in viiro.
After precontraction with carbachol (3 x 107 M bath concentration) one single
concentration of TDI (ranging from 10°-10™ M) or substance T (ranging from 10°-10° M)
was added to the organ bath, TDI was dissolved in dimethyl sulphoxide (DMSQ);
however, the concentration of DMSO did not exceed 0.1% in the organ bath and had no
effect on its own. To study the effect of RP 67580, the trachea was incubated for 30
minutes with RP 67580 (10*-10°® M bath concentrations) before precontraction with
carbachol and subscquent addition of TDI or substance P. In separate experiments,
isoprenaline (l()" M bath concentration), which is also an relaxant on murine smooth
muscle, was added (o the precontracted trachea to establish the specificity of RP 67580 for
the NK,, receptor.

Sensitization procedures

Mice were sensitized twice daily on day 0 and day [ either with 1% TDI (sensitized group)
dissolved in acctonc:olive oil (4:1) or with vehicle control (nonsensitized group) which
was applied epicutancously to the shaved abdomen and thorax (100 pl) and four paws (100
pl). During the sensitization procedure the mice were anaesthetized with sodium
pentobarbitone (50 p!; 30 mg/kg i.p.).

Challenge procedure

TDI-sensitized and nonsensitized mice were challenged with 1% TDI dissolved in ethyl
acetate:olive oil (1:4) on day 8. Twenty ul of the TDI solution was applied intranasally
under light anacsthesia (sodium pentobarbitone; 50 pl; 30 mg/kg i.p.). Furthermore, mice
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Statistics

All experiments were designed as completely randomized multifactorials with 6-14 mice
per group. EC50-and Emax-values for the carbachol-induced tracheal contractions of each
experimental animal werc calculated separately by nonlinear least-squares regression
analysis (simplex minimalization) of the measured contractions vs. carbachol or serotonin
concentration using the sigmoid concentration-response relationship and including a
threshold value. The data were analysed by two-way Analysis of Variance followed by a
post-hoc comparison between groups. In the figures and tables group means * sem are
given and a difference was considered significant when P<0.05. All data manipulation,
non-linear fittings, Analyses of Variance and post-hoc comparisons were carried out with a
comrnercially available statistical package (SYSTAT, version 5.03; Wilkinson L.
SYSTAT: The system for statistics. Evanston, IL: SYSTAT, Inc., 1990. Statistics).

RESULTS.

Direct effect of TDI and substance P on the isolated mouse trachea

Tracheal preparations taken from nnive mice were tested for their reactivity to directly
applied TDI and SP. TDI (10™ M) and SP (10”7 M) had no effect on the resting basal tone
of the isolated mouse trachea. However, after precontraction with carbachol (3 x 10" M
bath concentration) TDI produced a concentration-dependent relaxation of the mouse
trachea with a maximal effect at 10™ M bath concentration (figure 7A). A similar
concentration-dependent relaxation was found after administration of SP (3 x 107°-3 x 10"/
M bath concentration) to the precontracted trachea (figire 1B). In further experiments the
effect of the NK, receptor antagonist, R 67580, on the relaxation induced by TDI and SP
was examined. Incubation with RP 67580 for 30 minutes did not have any effect on the
precontraction induced by carbachol. Figires 24 and 2B show that the relaxation induced
by TDI (10 M) and SP (3 x 10” M) were both concentration-dependently inhibited by RP
67580 (10" 10 M), with a maximal effect at 10° M (90% inhibition). To demonstrate the

specificity for the NK, receptor, we tested the effect of RP 67580 on isoprenaline-induced

relaxation. RP 67580 (10" M) had no effect on isoprenaline (107 M)-induced relaxation of

the isolated mouse trachea (isoprenaline: 92 £ 3 % relaxation: isoprenaline + RP 67580: 94
+ 2 % relaxation, mean + sem for n=6 mice/group). Moreover, capsaicin pretreatment
completely inhibited TDI-induced relaxation, whereas SP-induced relaxation was nmaltered
(table 1).
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Figure [ Direct effect of (A) toluene diisocyanate (TDI) and (B) substance P on the
isolatec mouse trachea. Tracheal preparations were first precontracted with carbachol (3
x 107 M bath concentration) where after TDI (10°-10" M) or substance P (3 x 107°-3 x
107 M) were added. Resuldts are expressed as mean + sem for n=4-6 micelgroup.

Relaxation (g)

g 8 T 6 0 8 7T 6
RP 0780 (-log[M])

Figure 2 Effect of RP 67580 on the (A) toluene diisocyanate (TDI) and (B) substance P-
induced tacheal relaxation. Before precontraction with carbachol (3 x 107 M bath
concentration) and subsequent relaxation with TDI (10™ M) or substance P (3 x 10 M)
the tracheal preparations were incubated for 30 minutes with RP 67580 (10 - 10° M).
Results are expressed as mean + sem for n=4-6 micelgroup. Significant differences
between bars are denoted by (*) and (¥*) (P <0.05 and P<0.01 respe-.tively)
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Table 1. Effect of capsaicin pretreatment on TDI- and SP-induced relaxation in the

isolated mouse trachea.

Pretreatment Relaxing agent % relaxation
Vehicle Capsaicin 6516
Capsaicin Capsaicin 20k 5%
Vehicle Substance P 678
Capsaicin Substance P 66+ 8
Vehicle DI I3'3
Capsaicin TDI 12 6%

Results are expressed as mean + sem for n=4-7 mice/group. Significant differences
are denoted by (**) for P<0.01 when compared with the vehicle-pretreated mice.

Effect of capsaicin pretreatment on tracheal hyperreactivity

First, the effectiveness of sensory neuropeptide depletion by capsaicin was assessed by

adding capsaicin (100 'nM} to trachea precuntracted with carbachol (3 x 107 M bath _

concentration). Direet application of capsaicin induced a relaxation of 17 + 4% in
capsaicin-pretreated mice in comparison to a 60 + 8% relaxation in vehicle-pretreated
mice. These results are in agreement with previous studies where depletion of sensory
neuropeptides was tested in the airways and the skin (47). Once sensory neuropeptide
depletion had been established, tracheal preparations taken from TDI-sensitized and
nonsensitized mice, pretreated with capsaicin or v<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>